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Menno Huikeshoven 



Propositions 

1. The vascular response induced by transmyocardial laser 
revascularisation (TMLR) is determined by the size of the laser scar. 
This thesis (chapter V) 

2. Revascularisation of ischaemic myocardium is likely limited to 
transmural redistribution within the laser scars. 
This thesis (chapter V) 

3. 'Absence of evidence is not evidence of absence' is a suitable 
expression when assessing myocardial perfusion in TMLR studies. 

4. Transmyocardial laser denervation is a more appropriate name than 
transmyocardial laser revascularisation. 
This thesis (chapter VIII) 

5. The significant improvement in quality of life following TMLR makes 
it an effective treatment for refractory angina pectoris. 
This thesis (chapter IX-B) 

6. Despite the growing importance of evidence based medicine, sentiment 
based medicine can still determine the acceptance of new therapies 
such as TMLR. 

7. The clinical efficacy of TMLR is not primarily determined by the type 
of laser used. 
This thesis (chapters VI, VIII and IX) 

8. The efficacy of perforating the cover of a TMLR thesis is primarily 
determined by the type of laser. 

9. Amsterdam is in much higher need for solutions to the parking problem 
than it is for the North-South Subway. 

10. Many TMLR companies switch names faster than Harley-Davidsons 
need servicing. 

11. Writing a thesis is much less complicated than fixing a century-old 
house. 

Amsterdam, November 27th, 2002 
Menno Huikeshoven 
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Chapter I . 
The clinical problem of angina pectoris 

Ischaemic heart disease is one of the leading causes of morbidity and mortality in the 
western world. Atherosclerosis of the coronary arteries leads to a mismatch between the 
demand and supply of oxygen in the heart muscle. In the healthy heart with normal 
coronary arteries an increased oxygen demand, for example during exercise, is met by 
increased coronary blood flow, coronary vasodilation and increased oxygen extraction. 
However, atherosclerosis in coronary arteries prevents an effective increase in supply 
during increased demand. When the obstruction is severe, this results in myocardial 
ischaemia. Myocardial ischaemia can be either reversible or irreversible. The latter form 
is usually caused by a total occlusion of a coronary artery during which the myocardium 
distal from the occlusion is deprived of oxygen. When blood flow through the coronary 
artery is not restored, the myocardium can either die, resulting in infarction and 
permanent damage of the tissue, or, through collateral blood supply, remain ischaemic 
without cardiomyocyte loss. In the situation of reversible myocardial ischaemia, the 
coronary artery is usually not completely occluded and when the oxygen demand is 
decreased the myocardium has the ability to recover from the episode of oxygen 
shortage, resulting in relatively little or no pennanent myocardial damage. One of the 
most common clinical manifestations of these periods of reversible myocardial 
ischaemia is angina pectoris ('pain of the chest)'. This symptom occurs relatively late in 
the sequence of events following ischaemia (the so-called ischaemic cascade) and is 
preceded by respectively diastolic dysfunctions, regional systolic dysfunctions and 
ST-segment changes on the electro-cardiogram. At the cellular level, consequences of 
ischaemia include the accumulation of intracellular free fatty acids (which may lead to a 
decrease in contractile function) and increased levels of lactate due to lactate production 
(instead of the normal extraction) as a consequence of anaerobic glucose metabolism. 

The typical clinical presentation of angina pectoris was described for the first time by 
Dr. William Heberden, a famous physician of the eighteenth century. In 1772 he 
published the article entitled 'Some account of a disorder of the breast' in which he 

wrote: ' There is a disorder of the breast, marked with strong 
and peculiar symptoms, considerable for the danger belonging 
to it .... Those who are afflicted with it are seized, while they are 
walking, and more particularly when they walk soon after 
eating, with a painful and most disagreeable sensation in the 
breast ... the moment they stand still all this uneasiness vanishes 
.... After it has continued some months, it will not cease so 
instantaneous upon standing still ... most whom I have seen, 
who are at least twenty, were men, and almost all above 
50 years old, and most of them with a short neck, and inclining 
to be fat .... But the natural tendency of this illness be to kill the 
patients suddenly .... The os sterni is usually pointed to as the 

seat of this malady ... and sometimes there is with it a pain about the middle of the left 
arm.' [1]. At the time, Heberden did not consider the heart to be a possible source of this 
typical pain. Indicating the location of the pain he referred to it as 'pectoris dolor' which 

Dr. William Heberden 
(1710- 1801) 
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Introduction and aim of the thesis 

was later changed by his son to 'angina pectoris'. 
Over two centuries later. Heberden's description of angina pectoris still stands 

remarkably accurate. According to the current guidelines of the American Heart 
Association (AHA) and the American College of Cardiology (ACC), angina pectoris is 
defined as '... a clinical syndrome characterised by discomfort in the chest, jaw, 
shoulder, back, or arm. It is typically aggrevated by exertion or emotional stress and 
relieved by nitroglycerin. Angina usually occurs in patients with coronary artery disease 
involving > 1 large epicardial artery. However, angina can also be present in patients 
with normal coronaries and myocardial ischaemia related to spasm or endothelial 
dysfunction' [2]. The neural etiology of anginal pain is poorly understood. It is thought 
to be caused by the activation of cardiac nociceptors by ischaemia-induced release of 
specific substances (a.o. adenosine [3]). The pain stimulus is transported through cardiac 
afferent fibres to the spinal cord. Here, the cardiac afferent fibres converge with other 
afferent fibres after which the stimulus is transported to the somato-sensible cortex of 
the cerebrum where it is registered as typical angina pectoris [4]. The convergence of 
different afferent fibres from different dermatomes in the spinal cord is likely the reason 
why activation of cardiac nociceptors is not only experienced as pain in the cardiac region 
(chest) but also in other dermatomes, such as the jaw, arm or shoulder ('referred pain') [5]. 

The most important risk factors for the development of coronary artery disease and 
angina pectoris include smoking, hypertension, hypercholesterolaemia, diabetes mellitus 
and the occurrence of coronary artery disease in family members. The severity of angina 
can be classified according to the classification of the Canadian Cardiovascular Society 
(CCS) or according to the classification of the New York Heart Association (NYHA). 
The latter was used in the clinical research described in this thesis and consists of four 
functional classes [6] which are shown in table 1. 

NYHA 
Class Clinical presentation 

. Patients with cardiac disease but without resulting limitation of physical activity. Ordinary physical activity 
docs not cause anginal pain. 

Patients with cardiac disease resulting in slight limitation of'physical activity. They arc comfortable at rest. 
Ordinary physical activity results in anginal pain. 

Patients with cardiac disease resulting in marked limitation of physical activity. They are comfortable at 
rest. Less than ordinary activity causes anginal pain. 

v Patients with cardiac disease resulting in inability to carry on any physical activity without discomfort. The 
anginal syndrome may be present even at rest. If any physical activity is undertaken, discomfort increases. 

Table 1. Classification of angina pectoris according to the New York Heart Association (NYHA). 

Angina can furthermore be classified as either 'stable' or 'unstable'. In stable angina 
(CCS and NYHA classifications), the severity of the disease can increase but will do so 
in a fairly constant manner. Angina-triggering events are usually predictable (e.g. 
walking up a stairway). In unstable angina (which has a separate classification [7]), 
unpredictable episodes of severe myocardial ischaemia can lead to myocardial 
infarctions or sudden death and hospital admittance is often indicated. 

9 



Chapter I 
Treatment of angina pectoris 

The treatment of angina pectoris has generally been based on three different approaches: 
i) medication; aimed at a) decreasing myocardial oxygen demand, b) increasing oxygen 
supply (e.g. by vasodilation), and c) reducing the risk of further thrombotic coronary 
occlusions, ii) revascularisation techniques; i.e. location-specific restoration of blood 
flow to the ischaemic myocardium and iii) symptomatic treatment of anginal pain. 

Medication 
The first approach, decreasing oxygen demand or increasing oxygen supply through 
cardiac medication, is the most widely used treatment. It is also the first option that 
should be considered when a patient presents with angina pectoris. Three main types of 
cardiac medication are used for angina pectoris: Beta-blockers [8], calcium-antagonists 
[9] and long acting nitrates [10]. In short, beta-blockers inhibit beta-receptors of the 
sympathetic nervous system, decreasing both heart frequency (negative chronotrope) 
and strength of the cardiac contraction (negative inotrope), and thus decreasing the 
oxygen demand. Calcium-antagonists mainly act by reducing calcium concentrations in 
vascular smooth muscle cells which induces i) coronary vasodilation, leading to 
improved myocardial perfusion and oxygen supply, and ii) peripheral arterial 
vasodilation leading to an afterload reduction and subsequent decreased myocardial 
oxygen demand. Furthermore, some calcium-antagonists also work negatively 
chronotrope. Long-acting nitrates are vasodilators that work in two ways. They reduce 
the cardiac preload and therefore the myocardial oxygen demand through dilation of the 
peripheral venous system and they increase the myocardial blood supply through their 
(nitric oxide mediated) vasodilative effect on the coronary arteries. These three types of 
cardiac medication are often used in combination, forming the well known 'triple 
therapy' regime. Another (fourth) type of medication which is widely used in patients 
with angina pectoris is anti-platelet therapy (e.g. aspirin) which reduces platelet 
aggregation [11]. Unlike for beta-blockers, calcium-antagonists and long acting nitrates, 
it is not aimed at direct treatment of anginal symptoms but at the prevention of further 
thrombotic coronary occlusions. 

Revascularisation techniqlies 
The second approach to the treatment of angina pectoris, revascularisation, is aimed at 
the reduction of angina-inducing ischaemia. Surgical techniques to 'revascularise' 
ischaemic myocardial regions have been under investigation for many decades. One of 
the first attempts was made by Beck in 1935 who grafted the pectoral muscle to the 
epicardial surface of the heart [12]. After removing the pericardial fat, his aim was to 
create vascular connections between the myocardium and the overlying pectoral 
musculature and thus provide an alternative supply of blood to the myocardium. Almost 
20 years later Vineberg [13] described the treatment of coronary insufficiency using 
direct implantation of the left mammary artery into the myocardium. This 'Vineberg 
procedure' was not a direct arterial anastomosis but an implantation of the distal arterial 
end into a mechanically created myocardial channel. After a few weeks microvascular 
connections were shown between the implanted artery and the native coronary 
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circulation. Follow-up reports of patients who have undergone the Vineberg procedure 
have demonstrated patent mammary artery grafts more than 20 years after the procedure 
[14]. 

Another approach to restore blood flow to ischaemic myocardium is the direct 
delivery of oxygenated blood from the left ventricular cavity into the myocardium. This 
concept originates from the work of Wearn and colleagues [15]. In 1935 they described 
the existence of vascular connections ('myocardial suinusoids') between human 
coronary arteries and the ventricular cavity. These connections may facilitate a flow 
from the ventricular cavity directly into the myocardium in the case of inadequately 
functioning coronary arteries. Such connections between the ventricular cavity and the 
myocardium are also known to be present in reptile hearts. In the reptilian heart, 
perfusion through these connections provides an important portion of blood delivery to 
the endocardium, and an underdeveloped coronary artery system only provides a small 
part of the myocardial perfusion [16]. Kohmoto and colleagues have investigated this 
perfusion system in alligator hearts and found that in the myocardium > 60% of the 
perfusion was derived directly from the ventricular chamber [17]. Myocardial 
oxygenation through direct ventriculo-myocardial perfusion has furthermore been 
described to be functional in children with hypoplasia of the left ventricle [18] and in 
patients with pulmonary atresia combined with proximal obstruction of the coronary 
arteries [19]. 

In the decades following Wearns' description, many attempts have been made to 
mimic the reptilian heart anatomy by developing ways of delivering oxygenated blood 
to the myocardium. The first attempt was described by Goldman and colleagues in 1956 
[20]. They implanted perforated U-shaped carotid artery grafts in canine myocardium 
with both ends of the grafts in open connection with the left ventricular cavity. When the 
left anterior descending artery (LAD) was ligated three weeks after the implantation, 
mortality was only 5% versus 61% after ligation in non-implanted (control) animals. 
Massimo and co-workers [21] slightly modified this concept and implanted T-shaped 
tubes with the long leg in open connection with the left ventricular cavity and both short 
legs inside the myocardium. When Sen [16] later simplified this approach by using 
hollow needles to create channels in the myocardium, the first transmyocardial 
revascularisation procedure was a fact. Although these channels appeared to be 
successful in protecting the myocardium against infarction after ligation of the LAD, the 
long-term effect of this 'transmyocardial acupuncture' technique was poor, which was 
attributed to rapid occlusion of the channels. Investigators such as Hershey [22] and 
Pifarré [23] further explored this revolutionary idea of transmyocardial 
revascularisation. However, the TMR approach was greatly overshadowed by the rapid 
development of two new revascularisation techniques: Percutaneous transluminal 
coronary angioplasty (PTCA) and coronary artery bypass grafting (CABG). 

PTCA, which was first proposed by Dotter and Judkins in 1964 [24], is aimed at 
reopening (partly) occluded / stenosed coronary arteries. This can generally be 
accomplished by inserting a catheter into the arterial vessel system (usually the femoral 
artery) after which the catheter is advanced through the aorta into the coronary arteries 
to the site(s) of the stenosis. A balloon is then inflated at the site of the stenosis, dilating 
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Chapter I 
the artery and the stenosis [25]. When sufficient dilation is achieved, the post-PTCA 
lumen diameter of the artery will be increased and perfusion through the coronary artery 
improved. One of the drawbacks of this method is the fact that restenosis of the dilated 
artery can occur, thus eliminating the initial gain in perfusion [26]. To prevent this, 
intracoronary stents can be placed in the coronary artery at the site of stenosis [27]. This 
significantly reduces the restenosis rate, although using stents the problem of restenosis 
is not completely solved due to stent-induced intimal hyperplasia. However, PTCA has 
shown to be an effective treatment for angina pectoris [28] and in the year 2000, 
approximately 16.000 patients were treated in The Netherlands (70% of which received 
a stent). 

CABG. pioneered by Favalaro in 1968 [29], is a technique which uses vascular grafts 
to bypass atherosclerotic stenoses in coronary arteries and thus reperfuse the 
myocardium distal to the obstruction. Both venous (such as the saphenous vein) and 
arterial grafts (internal mammary arteries, radial artery, gastro-epiploic artery) can be 
used. The grafts are either completely dissected from the donor place (i.e. leg / arm) and 
connected to both the ascending aorta and the obstructed coronary artery (distal from the 
obstruction), or only dissected at the distal end (internal mammary artery, gastro
epiploic artery) which is then connected to the obstructed coronary' artery (distal from 
the obstruction). The efficacy of this treatment depends greatly on the patency of the 
used graft(s), which tend to occlude (especially vein grafts) in the years following the 
operation. One year occlusion rates of up to 30% have been reported for vein grafts and 
at 10 years only one-third of the grafts which were patent at 1 year appeared to be 
unchanged (i.e. no occlusion or stenosis) [30]. Despite this drawback, major relief on 
angina pectoris following CABG has been reported to occur in more than 90% of 
appropriately selected patients [31] and in the year 2000, approximately 15.000 CABG 
procedures were performed in The Netherlands. 

The enormous potential of these two treatment options for coronary artery disease 
has facilitated their worldwide use and today they are (after medication) the first 
treatments of choice. 

Although medication, PTCA and CABG are the gold standards, there is a (growing) 
group of patients with angina that cannot be adequately treated with these modalities (an 
estimated 30-50,000 patients / year in Europe [32]). In most cases this is due to multiple 
stenoses in arteries which are too small for either PTCA or CABG, so-called 'small 
vessel disease'. This condition is referred to as refractory angina pectoris and is defined 
(by the European Society of Cardiology Joint Study Group on the Treatment of 
Refractory Angina [32]) as 'a chronic condition characterised by the presence of angina 
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.' For this specific group of patients several 'alternative' therapeutic 
options have been proposed and investigated. From the revascularisation techniques the 
most important ones are transmyocardial laser revascularisation (TMLR), which is the 
subject of this thesis and will be further discussed below, and the induction of 
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angiogenesis or arteriogenesis through the administration of vascular growth factors. 
The latter is aimed at increasing the blood supply to the ischaemic myocardial region 
through the (local) stimulation of vascular growth [33,34]. Extensive research is being 
performed for this relatively new treatment modality and the initial results are 
promising. 

Symptomatic treatment of angina 
Several symptomatic therapies to treat (refractory) angina have been investigated, such 
as transcutaneous electric nerve stimulation (TENS), spinal cord stimulation (SCS), 
thoracic epidural anaesthesia (TEDA), left stellate ganglion blockade (LSGB) and 
endoscopic thoracoscopic sympathectomy (ETS) [32]. 

Transcutaneous Electric Nerve Stimulation 
TENS [35] is the least invasive neuro-modulating therapy. The rationale for this 
technique (as well as for spinal cord stimulation, see below) is based on the 'gate-
control' theory of Melzack and Wall [36]. In this theory, nociceptive nerve (C) fibres 
(transporting the anginal pain signal) are inhibited by stimulation (cutaneous in TENS or 
directly on the spinal cord in SCS) of non-nociceptive (A) nerve fibres. The technique of 
TENS is similar to needle acupuncture. However, instead of inserting needles, 
electrodes are placed on the chest wall. Using an external device, electrical stimulation 
(in different levels) is applied to the chest through the electrodes, creating an area of 
paraesthesia. When placed correctly, it is possible to cover the entire area of anginal 
pain. A great advantage of this technique is the relative simplicity of the application. 
When instructed properly, patients can personally operate the device when anginal pain 
occurs or is anticipated. Clinical experience has shown that when the pain is of 
ischaemic origin, 30-60 s of high-intensity stimulation is enough to decrease the pain. 
Although the clinical results are good, the current use of this technique is limited. This is 
because long-term use causes skin irritation in a large number of patients. Therefore, 
TENS is mainly used as a testing method for implanted nerve stimulating devices (SCS, 
see below), both to test patient compliance (which is required to be high) and to see 
whether myocardial ischaemia is really the underlying cause of the pain (other causes of 
pain react much less to TENS). 

Spinal Cord Stimulation 
SCS has many similarities to TENS. However, the electrode is not placed on the chest 
wall but in the epidural space directly against those segments of the spinal cord that 
convey the anginal pain. The pulse generator is placed in a subcutaneous pouch below 
the left costal arch and stimulation can be controlled from the outside using a remote 
control. When placed correctly, stimulation produces paraesthesia in the region of 
anginal pain. Besides the paraesthetic effect, the clinical efficiency of SCS has also been 
ascribed to a reduction of myocardial ischaemia. This is thought to be caused by a 
decrease in myocardial oxygen demand due to decreased sympathetic tone. 
Interestingly, anginal pain is not completely masked by stimulation and therefore the 
warning signal is not completely disabled. This is important since angina can be a 
warning signal for a pending myocardial infarction. Currently, approximately 2000 
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Chapter I . 
patients have been implanted with a spinal cord stimulator. Several clinical (safety as 
well as efficacy) studies have been published and reductions in angina class and 
improvements in quality of life have been reported [37]. Furthermore, in a comparative 
study. SCS and CABG have shown similar effect in relieving anginal symptoms [38]. 

Thoracic Epidural Anaesthesia 
TEDA was first introduced as a treatment for angina in 1989 by Blomberg and 
colleagues [39]. The technique works through insertion of an epidural catheter at the 
spinal cord level that corresponds with the cardiac area, i.e. C7-T4. Either continuously 
(using an infusion pump) or with intermittent injections, anaesthetic is infused, aiming 
to achieve total bilateral anaesthesia of the spinal roots and sympathetic trunks. The 
clinical effect is tested on the affected dermatomes and treatment success is defined as 
complete anaesthesia of these dermatomes. Currently, a few hundred patients have been 
treated with this technique and good results have been achieved [40], especially for 
unstable angina. The use for chronic stable angina has been much less, mainly because 
of the many practical disadvantages of long-term use. 

Left Stellate Ganglion Blockade 
LSGB is a variation on thoracic epidural anaesthesia and was already described in 1966 
[41]. Rather than infusion of the anaesthetic into the epidural space to work directly on 
the spinal cord, it is injected paravertebrally at the location of the left stellate ganglion. 
Like TEDA, the aim is to achieve anaesthesia in the area of anginal pain and thus 
decreasing this pain. Only few patients (around one hundred) have been treated with this 
technique and although good results have been reported [42], the scientific evidence for 
efficacy remains scarce. 

Endoscopic Thoracoscope Sympathectomy 
ETS, initially used for the treatment of palmar and axillary hyperhidrosis, has been used 
for the treatment of angina pectoris for approximately a decade [43], although in small 
patient numbers. It is the most invasive and permanent method of neural modulation of 
anginal pain, aimed at achieving a permanent afferent sympathetic block to the heart as 
well as an analgesic effect through disruption of the afferent pathways. Under general 
anaesthesia the pleural cavity is entered through the second or third intercostal space. 
After collapse of the lung the sympathetic ganglia are electrocoagulated. Ganglia T,-T5 

are usually transsected. The procedure is usually only performed on the left side, 
however if the result is unsatisfactory it can be perfonned bilaterally. Significant 
decrease of anginal symptoms has been reported for this treatment. Unfortunately, 
(severe) complications such as death, myocardial infarction, autonomic disturbances and 
sensory disturbances have limited the clinical applicability, and it is estimated that in 
total less than one hundred patients have undergone this therapy [32]. 

Other methods 
Several other treatment methods have been suggested for the treatment of angina 
pectoris [32]. Enhanced external counterpulsation is a technique that increases arterial 
blood pressure and retrograde aortic blood flow during diastolic augmentation. Pressure 

14 



Introduction and aim of the thesis 

cuffs are placed around the patient's legs and compressed sequentially from the lower 
legs to the lower and upper thighs in early diastole to propel blood to the heart in a 
retrograde direction. Decrease of anginal symptoms has been reported which has been 
suggested to result from a reduction in myocardial ischaemia [44]. 

Long-term intermittent urokinase therapy has been reported to improve the 
haemodynamics of blood (decrease of viscosity) and have antithrombotic effects [45]. In 
short, up to 500,000 units of urokinase are administered intravenously 3 times a week 
for 12 weeks. The resulting heamodynamic and antithrombotic effects are thought to 
reduce anginal symptoms by a reduction of myocardial ischaemia. Drawbacks of this 
technique are the high costs and the occurrence of complications such as bleeding. 

Introduction to Transmyocardial Laser Revascularisation 

After more than a decade of silence, in 1981 Mirhoseini and Cayton re-introduced the 
myocardial acupuncture concept first described by Sen (see above). They reported on 
the creation of transmyocardial channels in canine hearts using a 400 Watt (W) carbon 
dioxide (C02) laser instead of needles [46]. Ligation of the LAD after creation of 
transmyocardial laser channels resulted in no mortality versus 100% mortality after 
ligation without laser channels. Two years later, these results led Mirhoseini to perform 
the first clinical TMLR as an adjunct to CABG in a 65-year old man [47]. From that 
moment on many research has been performed on this technique, both as a stand alone 
procedure as well as in combination with other treatments (see chapter II). 

The technique of TMLR is straightforward. Figure 1 shows a schematic drawing. In 
the vast majority of cases the heart is approached using a lateral thoracotomy in the fifth 
or sixth intercostal space. An approach using a sternotomy is often contra-indicated 
since many TMLR-eligible patients have previously undergone bypass surgery through 
a sternotomy and they are likely to have extensive pericardial adhesions. No 
cardiopulmonary bypass is used and when the chest and pericardium have been opened 
the hand piece of the laser is placed on or close to the epicardial surface. Three different 
types of lasers are clinically used to create transmyocardial channels: The carbon 
dioxide (C02), the holmium:yttrium-aluminum-garnet (Ho:YAG) and the xenon 
chloride (XeCl) excimer laser. At the moment of writing, randomised controlled studies 
have only been published for the C02 and Ho:YAG laser, which are also the most 
widely used lasers for TMLR. The Ho:YAG (wavelength 2.1 urn) and XeCl excimer 
laser (wavelength 308 nm) both use a flexible fibre-optic system in combination with a 
hand piece. The tip of the hand piece is placed on the epicardial surface of the beating 
heart and is gently advanced through the myocardium during multiple (ECG-triggered) 
laser pulses. The long wavelength of the C02 laser (10.6 um) makes it unsuitable for 
fibre-based optics and therefore it operates with an articulated arm. This laser creates 
transmyocardial channels in one single pulse. During C02, Ho:YAG and excimer TMLR 
complete transmyocardial penetration is confirmed with transesophageal 
echocardiography (TEE) by the appearance of contrast bubbles in the ventricular cavity 
[48]. Furthermore, penetration can be felt (slight loss of resistance when the fibre has 
passed through the myocardium), heard (higher sound when laser is fired into the blood 
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TMLR channe 
excimer laser 

or 
Ho:YAG laser 

Suturing 
rarely 

ecessary 

Articulated arm 

Left ventricular cavity Myocardium 

Contrast bubbles seen on TEE 

Figure 1. Schematic drawing of the TMLR technique. For explanations sec text. TEE = transesophageal 
echocardiography 

inside the ventricular cavity) and seen (blood spurting from the epicardial entrance site). 
The channel diameters are -1 mm for the CO: and excimer lasers and -2 mm for the 

Ho:YAG laser (larger diameter fibre tip). When a channel is created, bleeding can 
usually be stopped with the application of slight manual pressure at the epicardial 
opening. If this does not result in closure of the channel through formation of a blood 
cloth, a suture can be used to close the epicardial channel opening. In the current clinical 
standard, approximately one channel/cm2 is created. However, no absolute scientific 
evidence has been published indicating that this is the optimum channel density. The 
total number of channels mostly depends on the size of the reversibly ischaemic 
myocardium. Figure 2 shows an example of the epicardial surface after TMLR. Patients 
are usually dismissed from the hospital several days following the TMLR procedure. 

Although clinical improvement following TMLR has been repeatedly reported, a 
definitive mechanistic explanation for the improvement is yet to be proven. Besides the 
original theory, i.e. direct perfusion of oxygenated blood from the left ventricular cavity 
into the (ischaemic) myocardium, two other main hypotheses have been posed. One is 
improved perfusion through laser-induced angiogenesis in the ischaemic area, 
supposedly leading to a local decrease in myocardial ischaemia and thus angina 
symptoms; the other is laser-induced denervation of the myocardium resulting in a 
decreased perception of anginal pain. Elucidation of the actual mechanism would be of 
great value for the clinical optimisation of TMLR. 
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Introduction and aim of the thesis 

Figure 2. Fpicardial surface after TMLR. The 
large arrow indicates the pericardium and the 
smalt arrows indicate epicardial openings of 
TMLR channels (not all channels indicated). For 
this figure in colour see page 145. 

Aim and structure of this thesis 

The research presented in this thesis has two aims: 

1. To investigate the clinical efficacy of transmyocardial laser revascularisation using a 
XeCl excimer laser in combination with medical therapy for the treatment of severe 
angina pectoris by comparing it with medical therapy alone. 

2. To gain insight into the two main hypotheses of the working mechanism underlying 
the reported clinical improvement after TMLR, i.e. angiogenesis and denervation. 

For these aims both animal experimental and clinical research has been performed and 
the thesis has been structured accordingly. 

The first part describes the experimental work: 
Chapter II provides a working mechanism-based overview of the animal experimental 
research that has been performed in the field of TMR since the first description of 
myocardial acupuncture by Sen over 35 years ago. 
Chapter ///assesses the suitability of the Spontaneously Hypertensive Rat as an animal 
model for TMLR research by comparing it to myocardium of TMLR (eligible) patients. 
Chapter IV describes a new surgical technique to perform open heart surgery on 
laboratory rats. This technique was developed for the application of TMLR in rats. 
Chapter V describes an experimental study of TMLR in SHR where the angiogenesis-
inducing effect of three different laser types was compared. 

The second part of the thesis describes the clinical research: 
Chapter VI gives an overview of the clinical literature on TMLR. 
Chapter VII describes the histology of a patient that died 3 months after excimer TMLR. 
Evidence of angiogenesis was observed in and around the laser channels. 
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Chapter VIII describes a clinical study in eight patients where a nuclear technique 
(I23I MiBG-SPECT) was used to assess changes in myocardial innervation due to 
TMLR. 
Chapters IX-A and IX-B describe the results of a randomised clinical trial in 30 patients. 
In this study, XeCl excimer TMLR combined with medication was compared with 
medication alone for the treatment of severe refractory angina pectoris. Effect of TMLR 
on angina class, quality of life, myocardial perfusion and myocardial function were 
assessed. 

Finally, chapter Xprovides a general discussion on the research presented in this thesis, 
after which references, colour plates and a summary of the thesis are provided. 
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Chapter II 
Abstract 

In the past 35 years many experimental studies have been performed to investigate the 
revascularisation potential of transmyocardial revascularisation and the possible 
working mechanisms underlying the observed clinical improvement in angina pectoris 
following this treatment. 

In this review of the experimental literature, the various methods that have been used 
to create transmyocardial channels and the most supported hypotheses on the working 
mechanism (channel patency, angiogenesis and myocardial denervation) are discussed 
and evaluated. 
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Introduction 

Transmyocardial revascularisation (further referred to as TMR, which includes all 
methods of transmyocardial channel creation) has been a controversial therapy since it 
was first described by Sen and colleagues over 35 years ago [16]. Their technique was 
based on the creation of small channels in ischaemic myocardium by mechanical 
puncturing aimed to reduce anginal pain. TMR was later modified by Mirhoseini and 
Cayton who used laser irradiation, which is still the most widely used method for 
channel creation [46]. The controversy surrounding this so called transmyocardial laser 
revascularisation (further referred to as TMLR) stems from the fact that 18 years after its 
first clinical application [47], the mechanism of action by which the relief of angina is 
achieved is still unclear. The three major hypotheses include direct ventriculo-
myocardial blood flow through patent channels, angiogenesis leading to increased 
perfusion and myocardial denervation leading to a decreased pain sensation. 

The objective of this review is to give an overview of the animal experimental 
research (referred to as experimental research as opposed to clinical research) that has 
been published. The organisation of this manuscript is as follows. First a description of 
the various methods that have been used to create transmyocardial channels is given 
(together with a paragraph on laser-tissue interaction) and second, the most supported 
working-mechanism hypotheses are discussed and evaluated based on the experimental 
findings. 

In this review, books, journal articles, reviews and (meeting) abstracts reporting on 
experimental work are included. The literature acquisition was performed in the '1966 
through May 2001' database of Medline (currently available through PubMed: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi) and the 'all years' database from the 
Web of Science (http://wos.library.tudelft.nl/CIW.cgi). The following keywords were 
used in the searches (both in American and Oxford English): transmyocardial laser 
revascularisation, laser myocardial revascularisation, transmyocardial revascularisation, 
direct myocardial revascularisation, percutaneous laser revascularisation, percutaneous 
myocardial laser revascularisation, percutaneous myocardial revascularisation, TMLR, 
TMR, PMR and DMR. 

Methods of channel creation 

As mentioned before, (hollow) needles were the first devices used. Many investigators 
have used this method for the creation of transmyocardial channels both in early 
research as well as more recently [16,22,23,49]. In experimental research, several other 
methods of channel creation have been used such as a power drill [50], myocardial 
channeling devices [51,52], ultrasound [53], cryoapplication [54], high or radio 
frequency energy [55,56], saline jets [57] and lasers (see below). In the past few years, 
endocardial non-transmural (as opposed to epicardial transmural) channel creation has 
received growing interest. This technique, called percutaneous myocardial 
revascularisation (PMR) is performed through cardiac catheterisation and is therefore 
less invasive. Detailed descriptions of this clinically and experimentally used technique 
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Chapter II . 
and its results have been provided elsewhere [58]. Furthermore, besides the currently 
widely used combination of laser treatment as an adjunct to coronary bypass surgery 
[59], recently also combinations of laser energy and growth factor administration have 
been applied to induce angiogenesis [60-64]. 

Lasers 
Table 1 gives an overview of the lasers used in clinical and experimental TMLR. The 
carbon dioxide (C02) laser was the first laser used for TMLR and is still the most widely 
used. Initially, an approximately 400 W C02 laser was used, which required an arrested 
heart since long pulses were needed to penetrate completely through the myocardium. 
Subsequently, it became possible to perform the procedure on the beating heart with the 
development of a high power (800-1000 W) C02 laser (PLC Medical Systems). This 
laser could create a transmyocardial channel in a single (50 ins) pulse, within the 
refractory period of the cardiac cycle. The second type of laser that was used in clinical 
TMLR is the mid infrared solid-state Ho:YAG laser. The third and clinically least used 
type of laser for TMLR is the ultraviolet XeCl excimer laser. These latter two lasers 
deliver a train of short (ns-ms) pulses through a flexible fibre to the myocardium. 
Several other lasers have been used in experimental research such as the regular [65] 
and frequency-tripled [66] neodynium:YAG (Nd:YAG), the thulium-holmium-
chromium:YAG laser (THC:YAG) [67,68] and the erbium:YAG laser (Er:YAG) [69]. 

Laser-tissue interaction 
The various lasers described in table 1 can induce a large variety in channel shapes and 
diameters and in extent of thermal and mechanical damage adjacent to the 
channel, depending on laser and tissue properties. 

Lasers 

co2 

YAG Ho:YAG 

Er:YAG 
THC:YAG 

Nd:YAG 
freq. tripled Nd:YAG 

XeCl excimer 

X 

(nm) 

10 600 

2 120 

2 940 
2 120 
1 064 

355 

308 

Estimated 
absorption 

coefficient ua 
of myocardium 

(cm*1) 

800-2*103 

10-70 

2* 10'-12* 10"' 
10-70 

0.3-0.7 
15-20 

25-35 

Company 

PLC Med. Syst. 
Sharp!,in 

other 

CardioGenesis 
Eclipse' 

CardioDvnc 
Other 

Spectranetics 
Medolas 

AccuLase 
Other 

Model 

Heart Laser 1/2 
743 

NS600/NSLX-6 
TMR 2000 

CVX-300 
MAX-10 
MAX-20 

AL5000M 

Clinical 
use 

-
-
-
+ 

-
-
-
-
-
-
-
-
-
-
+ 

-

Experi
mental 

UM' 

-
+ 

• 
+ 

+ 

• 
-
+ 
-+ 

+ 
+ 

-
+ 

-
+ 

+ 

ECG 
triggering 

-
-
+ 

-
+ 

-
+ 

-
-
-
-
-
-
-
-

Table 1. Lasers used in clinical and experimental TMLR. U CardioGenesis Inc. and Eclipse Surgical Technologies Inc. 
merged in 1999. continuing under the name of Eclipse Surgical Technologies Inc. In June 2001 the name was changed to 
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Laser parameters that influence treatment outcome include the delivery of the 

radiation to the myocardium (waist length and diameter of the beam, or, in case of fibre 
delivery, index of refraction, diameter and shape of the fibre tip and / or intensity profile 
in air and myocardium), the laser wavelength, power (continuous wave) or peak power 
(pulsed), the duration of irradiation, and the interval between pulses. Relevant tissue 
parameters include i) optical properties of the myocardium (scattering, absorption, and 
index of refraction), ii) thermal properties such as initial tissue temperature, specific 
heat, heat capacity, thermal conductivity, blood perfusion and its dependence upon 
temperature in vessels and left ventricle (heat convection), heat exchange with the 
environment (e.g. transport of steam and ablation gases to surrounding myocardium, left 
ventricle or operating room), iii) mechanical properties (e.g. elasticity and contractility) 
and, finally, iv) biological properties, including myocardial susceptibility to heat and 
wound healing characteristics. These parameters determine the vaporisation or ablation 
rate, the temperature evolution of a tissue volume, the resulting thermal damage and the 
photoacoustic as well as gas-expansion induced forces on the tissue and the resulting 
mechanical damage. 

In other words, (myocardial) tissue is a complex medium and many of the optical-
thermal events produced by laser irradiation are interdependent. However, for the sake 
of simplicity, let's assume that the optical, thermal, mechanical and biological properties 
of treated myocardium are identical in all experiments (which they are not) and that 
channel shape and thermal and mechanical damage only depends on the laser and laser 
settings. Let's further assume that for one specific laser a fixed method of irradiation is 
used (e.g. direct illumination for C02 TMLR or delivery by bare fibre for XeCl excimer 
or Ho:YAG TMLR). The main variables that determine the outcome of the treatment 
would then be the laser wavelength, the incident irradiance and the exposure time. These 

Fibre Fibre diameter / CVV / Pulse duration / Pulse Power Energy / Pulses / 
spot size pulsed exposure time frequency pulse channel 

(mm) 

1 
0.1-1 
0.2-1 

1.9 
1 

0.3/1 
1.1 

0.4-1 
0.3 

0.4-0.6 

1.4 
1 
1 

0.6 
0.4-1.4 

pulsed 
pulsed 

CW/pulsed 

pulsed 
pulsed 
pulsed 
pulsed 
pulsed 
pulsed 
CW 

pulsed 

pulsed 
pulsed 
pulsed 
pulsed 
pulsed 

(ms) 

25-60 
60-800 
20-500 

0.35 
0.2-0.25 

0.35 
0.8 

500 
9*10-6 

140*10" 
I10*10"6 

110*I0'6 

20-40* 10'6 

200* 10-6 

(Hz) 

16-19 
5 

3-10 
5 

3 

20 

35-40 
40 
40 

20-240 
5-35 

(W) 

800-1000 
86-400 
20-100 

6 
6-8 

2.5-4.2 

(J) 

25-60 

1-2 
1.2-1.6 
0.3-0.6 

0.35-0.75 
0.3 

0.8-12 

0.005-0.01 

0.035 
0.015 
0.04 

0.009-0.015 

CardioGenesis Corporation; * Estimated absorption coefficients from ref [70]. 
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parameters are discussed below. 

Wavelength. Optical properties of myocardium are wavelength dependent. The large 
variation in (estimated) absorption coefficients of myocardium at the various 
wavelengths (table 1) gives an indication of the importance of this parameter. In the 
ultraviolet (e.g. XeCl excimer laser), absorption is relatively low in water but high in 
proteins, nucleic acids and blood. As a result, the penetration depth of ultraviolet light is 
small, i.e. inversely proportional to absorption. Lasers in the visible and the near 
infrared (Nd:YAG laser) penetrate much deeper and are therefore not ideal for removal 
of myocardium by vaporisation or ablation (predominant absorption in haemoglobin and 
oxyhaemoglobin). Other infrared wavelengths (e.g. Ho:YAG and CO: laser) are 
absorbed predominantly in water. In this wavelength region water absorption is high 
compared to the ultraviolet and visible part of the electromagnetic spectrum and 
consequently, the penetration depth is small and local heat production can be very high. 

Incident irradiance. The deposited energy in a myocardial volume (which is 
proportional to the heating rate), is proportional to the local absorption coefficient and 
the local intensity of light per second. A high local intensity at a wavelength that is 
sufficiently absorbed by the myocardium results in rapid heating. In the case of 
predominant absorption in water (e.g. in CO2 TMLR), the water is vaporised, followed 
by photothermal disruption of the myocardium. The production of steam will lead to a 
pressure increase in the tissue and ejection of steam from the tissue, including tissue 
constituents, predominantly at the epicardial side of the heart. This plume has a 
temperature of 135°C or more and during the pulse or pulse train, this steam will heat up 
the inside of the channel that is created, resulting in a larger zone of thermal damage at 
the epicardial side of the channel than at the endocardial side [71]. The mechanisms for 
removal of myocardium by ultraviolet radiation are less clear. It has been demonstrated 
[72] that the hypothesis of bond-breaking mechanisms in tissue by XeCl excimer laser 
pulses [73,74] is not very effective. More likely therefore is a photothermal mechanism, 
i.e. a mechanism similar to the one described above (vaporisation followed by 
photothermal disruption). 

Exposure time. If TMLR is performed on a beating heart (which is mostly the case in 
stand-alone TMLR procedures), in order to minimise risk of arrhythmias, the pulse 
duration must be shorter than the absolute refractory period of the cardiac cycle. 
Therefore, at peri-operative heart rates, laser irradiation in patients is limited to 
100-150 ms after the R-wave (e.g. 50 ms for the PLC Heart laser). In (experimental) 
CO2 TMLR, using larger animal models, similar pulse durations are used. In smaller 
animal models with higher heart rates, often shorter pulse durations are used to perforate 
myocardium of limited thickness. During one single ms pulse, the myocardium is heated 
long enough to allow heat diffusion and thermal damage of tissue adjacent to the 
channel. The shape of a channel created with a single (C02 laser) irradiation in most 
cases is relatively straight and resembles a rod or cone. The design of some lasers is 
such, that only pulsed laser irradiation can be generated. The rationale of using a 
sequence of multiple ns or us pulses within the absolutely refractory period of the heart 
can be removal of (hot) tissue before heat is transferred to surrounding tissue (this is 
often not the case in TMLR). The shape of a channel created with multiple short pulses 
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often is not straight and its contour can resemble a string of beads. Furthermore, each ns 
pulse can produce a photo-acoustically induced Shockwave that can create micro-tears in 
the myocardial tissue. Previous work [75,76] showed that with pulse frequencies higher 
than 5 Hz, thermal accumulation is likely. 

In this review, we have considered the above described laser parameters carefully. 
Although the range of incident irradiance and exposure time (which is proportional to 
the deposited energy) is broad, at the used wavelengths vaporization or ablation of 
myocardium was achieved in all experimental TMLR studies (which is only possible at 
sufficient deposited energy). Therefore, we have focussed the comparison between 
studies on laser wavelength. 

Hypotheses of working mechanism(s) underlying the clinical improvement 

The 'patent channels' hypothesis 
The initial hypothesis from which the treatment has originated was based on the 

description of myocardial sinusoids by Wearn and colleagues [15] in 1933. In reptilian 
(and some amphibian) hearts perfusion through these sinusoids provides the majority of 
blood delivery to the myocardium. The (small) rest perfusion is delivered through an 
underdeveloped coronary artery system [16]. The aim of TMR was to establish 
connections from the left ventricle to these sinusoids in the human heart by creating 
transmyocardial channels. The concept was that these myocardial channels would 
occlude at the pericardial side, endothelialise and connect to the sinusoids and possibly 
to the native coronary artery system. The myocardium would then be supplied with 
oxygenated blood through direct perfusion from the left ventricular cavity. The research 
on this hypothesis has mainly been focussed on the (short and long-term) patency of the 
channels and the flow of blood through these channels. 

Patency has been subject of controversy ever since the first reports on open 
transmyocardial channels. In these studies needles were used in canine hearts and at 
follow up times of up to 11 months patent channels containing erythrocytes were found 
[16,22,77,78]. Although these first 'myocardial acupuncture' results fuelled the 
hypothesis of direct perfusion, other studies that also used needles reported occluded 
channels in the post-operative period [23,79,80]. This indirectly led to the use of laser 
irradiation as an alternative method of channel creation, based on the observation that 
carbonisation induced by laser energy inhibits lymphocyte, macrophage and fibroblast 
migration. This would cause channels to heal slower and with less scar formation, 
facilitating endothelialisation and subsequently improve patency. Using both infrared 
and ultraviolet lasers, several experimental studies have reported some form of patent 
channels at short- and long-term follow up (ranging from a few urn to 1 mm in 
diameter). A wide variation of animals species was used in these studies including dogs 
[46,67,81,82], sheep [83-85], swine [86] and rats [66]. Only one of these studies used a 
chronic ischaemia model [85], which shows pathological similarities (hibernation) to the 
human heart. In all other studies acute ischaemia models (coronary artery ligation in 
otherwise healthy hearts) were used. Since the response to injury may differ 
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significantly between acute and chronic ischaemic myocardium [87], the acute 
ischaemia results may have less value when extrapolated to the clinical application. 

Furthermore, in the studies that reported open channels, the efficacy of TMR was 
usually evaluated by its limiting effect on infarct size before or after induction of acute 
ischaemia. Most studies showed less infarction in TMR-treated animals and concluded 
that this could be contributed to patent channels. When using infarct size as a measure, 
an important characteristic of the animal model used should be a minimal (native) 
collateral circulation that could contribute to perfusion of the acutely ischaemic 
myocardium. However, the majority of the studies that reported smaller infarction after 
TMR were performed in canine and ovine hearts, species that have been reported to 
have strongly varying and sometimes extensive collateral circulation [87]. Thus, it can 
be doubted whether protection against infarction in these models is due to functional 
open channels. 

In contrast to the reports on patent channels, many other studies have reported 
occluded channels in the post-operative period. These occluded channels were found 
after both infrared and ultraviolet TMLR in canine [80,88-93], porcine [60,69,94-97], 
ovine [50,98,99] and rat [49,100] studies. Therefore, patency cannot be as important as 
initially thought, which is supported by clinical observations showing that occluded 
channels were found at various follow up times after CO2 [101-103] or excimer [104] 
TMLR in the majority of clinical post-mortem reports. Further details on the histology 
of channel patency and the long- and short-term fate of transmyocardial channels have 
extensively been described elsewhere [105]. 

Even if transmyocardial channels would remain patent and endothelialise, effective 
myocardial perfusion and flow of blood through such channels is doubtful. Although 
there can hardly be any doubt that blood flow through the channels is present 
immediately following creation (indicated by the pulsatile spurts of blood coming from 
the epicardial openings), conflicting results were found in studies investigating the 
physiologic possibility and presence of this flow at longer follow up. For instance, using 
canine hearts, Okada and co-workers [81] claimed flow through channels when they 
found intraventricularly injected methylene blue in patent laser channels at three years 
follow up. Contesting this theory, Pifarré [23] stated that flow from the cavity into the 
channels was a physiologic impossibility because the pressure in the cavity is usually 
less than the intramyocardial pressure surrounding the channels. However, we 
acknowledge that intra-myocardial pressure may be decreased and left ventricular 
pressure increased due to ischaemia [83]. Support for the statement of Pifarré comes 
from several experimental studies that investigated the acute effect of TMR on 
myocardial perfusion, because none of these studies has demonstrated any acute 
improvement (see table 3) which is expected to improve immediately if patency is the 
mechanism of action. 

Another argument contesting the effectiveness of transmyocardial channels in 
directly and effectively oxygenating the myocardium is that the total internal surface 
area of the channels is less than 0.01% of the internal surface area of the capillaries 
within the left ventricular myocardium [106]. Therefore, any blood flow through the 
channels would contribute minimally to the actual oxygen exchange (unless patent 
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intersections with nearly all traversed capillaries would be present). In the past years, the 
conflicting experimental findings regarding the patency of laser channels and their 
(in)ability to increase the blood flow to ischaemic myocardium has gradually led to the 
rejection of this hypothesis. 

The 'angiogenesis'hypothesis 
Angiogenesis as an explanation for the efficacy of TMR has two sides: An (anatomical) 
increase in vascular density and an increase in perfusion. 

Vascular density 
Table 2 summarises results of experimental studies in canine, porcine, ovine, rat and 
mouse models, with or without acute or chronic ischaemia, on the occurrence of 
angiogenesis in and / or around TMR channels. Although many different methods have 
been used (needles, different lasers, radio frequency (RF) energy, growth factors and 
even a powerdrill), an almost universal finding has been the filling of the original 
channel with scar tissue. Tn this scar tissue high concentrations of vascular structures 
ranging from capillaries to small arterioles have been found and it has been 
hypothesised that these new vessels may increase the perfusion in / to the ischaemic 
myocardium. The increase in vascular density in the treated area is believed to be 
induced by a local inflammatory response, which induces a locally enhanced production 
of vascular growth factors by the inflammatory cells. Comparison of the published 
studies (table 2) is complicated by differences in methodology and presentation of the 
results. Although all but one studies reported to have found angiogenesis, in a 
substantial number (12 out of 28) the actual number of vessels was not reported. This 
was either because quantification was not performed [89,90,93,107,108], relative 
vascular density measurements were reported [60.84,109], or only significant increases 
without providing the numbers of vessels were reported [62,69,110,111]. Although in 
the remaining studies quantification was performed, controls were used and vessel 
numbers were provided, comparison remains difficult since they used different methods 
(which counted different structures) and a large variation in number of vessels was 
presented. Generally, either several types of vessels or only vessels with at least one 
smooth muscle cell (SMC) layer were counted. Results were presented as the number of 
vessels per high power field (HPF) or the number of vessels per square unit (mm2 or 
cm"). For comparison between studies, the vessel-per-square-unit method is most useful 
since the size of a HPF not only depends on the magnification (here varying from x 10 to 
x400) but also on the microscope used. In the six studies in which vessels with at least 
one SMC layer were counted, five used the number per cm2 which were all in the same 
order of magnitude (110-197 vessels/cm2) [56,64,91,92,112]. Contrasting, in the group 
that counted several types of vessels (using either endothelial, growth factor or basement 
membrane staining methods), seven used a HPF [51,96,113-117] and only three 
presented a number of vessels per square unit (all mm2). Two of these three used a Von 
Willebrand factor (VWf / f VIII) staining and reported the overall density of vessels 
(claiming that capillaries, small arteries and veins were included) [118,119] while the 
third used a basement membrane staining and only reported the density of capillaries 
[49]. Interestingly, this last study is the only one (of 28) that did not report an increase in 
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Group 

Pelletier[114] 

Chu [115] 
Chiotti [110] 

Zlotnick[108] 
Kohmoto [90] 
Horvath [116] 
Li [117] 

Kohmoto [107] 
Spanicr [109] 
Yamamoto [92] 
Lu [93] @ 
Mueller [118] 

Yamamoto [56] 

Slepian [51] 

Chu (96] 
Malekan [50] 
Whittaker [49] 
Mueller [112] 
Maek [84] 
Fisher [89] 
Kohmoto [91] 
Hughes [113] 
Hughes [111] 
Genyk [69] 
Fleisher [60] 
Mueller [119] 
Doukas [62] (a. 
Yamamoto [64] 

Year 

1998 

1999 
2000 

1996 
1997 
1999 
2001 

1996 
1997 
1998 
1999 
1999 

2000 

2000 

1999 
1998 
1996 
2001 
1997 
1997 
1998 
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2000 
2000 
1996 
2000 
2000 
2000 

Animal 
model 

rat AI 

porcine CI 
mouse Nl 

porcine CI 
canine AI 
porcine CI 
canine AI 

canine Nl 
canine CI 
canine CI 
canine Nl 
porcine Nl 

canine Nl 

porcine Nl 

porcine CI 
ovine Nl 

ratNI 
porcine Nl 
ovine Nl 
canine Nl 
canine Nl 
porcine CI 
porcine CI 
porcine Nl 
porcine Nl 
porcine Nl 
canine Nl 
canine CI 

Device 

needle 

needle 
needle 

CO: 
C02 

CO; 

co2 
I loYAG 
HoYAG 
HoY'AG 
HoYAG 
HoY'AG 

RF 

mechanical core drill 

needle (10 30ch.)/CO; 
power drill / CO: 
needle/ Ho:YAG 
needle Ho:YAG 

fibre only • excimer 
CO;. Ho:YAG 
C02/Ho:YAG 
CO; Ho:YAG 

CO; / HoYAG / excimer 
C0 2 / HoiYAG / EnYAG 

CO;/ CO; + V EG F 
Ho:YAG+GF 

Ho:YAG + FGF-2 
Ho:YAG / Ho:YAG + bFGF 

FL 

12 
4/8 w 
1/4 w 
1 w 

4 w 
2 w 
6 w 
2w 

3 w 
8-9 w 
8-9 w 
60 d 
4vv 

4w 

60 d 

1 vv 

4w 
8vv 
4w 
30 d 

2-3/6 vv 

2-3 vv 
26 vv 

26 vv 

6 vv 

4 vv 
4 vv 

6 w 
8w 

Vascular density assessment method 
(VDAM) 

# vWF+ vessels per HPF (x250) 

ft v\VF+ vessels per HPF (x400) 
optical density of v\VF in HI.ISA 

no quantitative analysis 

no quantitative analysis 
ft vWF+ vessels per HPF (x200) 
ft vWF+ vessels per HPF (xlOO) 

no quantitative analysis 
# vWF+ vessels per cm" 

ft vessels with >l SMCL per cm-
no quantitative analysis 

# vWF+ vessels per mm (inside ch.) 

ft vessels with >1 SMCL per cm2 

ft capillaries / arterioles per HPF (x25/xl0) 

ft VEGF+ vessels per HPF (x400) 
# vessels with >1 SMCL per HPF (x40) 

ft capillaries per mm (BM staining) 
ft vessels with >l SMCL per cm2 

0-3 grade scale of vascularity 
no quantitative analysis 

ft vessels with >1 SMCL per cm 
# EEAP+ vessels per HPF (x200) 
# EEAP+ vessels per HPF (x200) 

volume density of vWF+ areas 
0-3 grade scale of vascularity 

ft vWF+ vessels per mm" (outside ch.) 
arteriole wall area 

# vessels with >1 SMCL per cm2 

Table 2. Experimental (animal) studies reporting on angiogenesis, arranged according to the used device. Acute 
ischaemia was always induced by ligation of a coronary artery- I" studies with multiple follow up times (e.g. 1/4 w) or 
multiple devices (e.g. CO; / Ho: YAG), the 'specific VDAM result' is given per FU time or device (e.g. number/number). 
To illustrate the diversity in describing results between studies, the descriptions of the authors are summarised in the last 
column. @ information obtained from abstract: * p< 0.05 vs. control; # = number of: § result combined for CO; and 
Ho:YAG (not further specified): T = increased; AI = acute ischaemia; BM - basement membrane; ch. = channels; 

(capillary) density after TMR. Since this is also the only study that presented a baseline 
(capillary) density consistent with accepted values (> 2000/mm2), probably none of the 
other studies included capillaries in their assessment of vascular density. 

Besides the methodology of the studies several other points are worth considering. 
First, it is interesting to know whether the reaction is laser-specific or whether other 
devices can induce the same effects. Results of studies that investigated the angiogenic 
effect of lasers compared to non-laser devices are conflicting. Only one study found a 
difference in angiogenic effect between laser and non-laser devices [84] whereas several 
others did not [50,96,112]. The experimental studies that have compared different lasers 
reported similar effects of C02 , Er:YAG and Ho:YAG lasers on angiogenesis 
[69,89,91]. One study has compared all three clinically used laser types and found 
neovascularisation in C02 and Ho:YAG treated hearts but not following excimer TMLR 
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Control Vascular Specific 

density VDAM result 
Authors description 

no TMR(da) 

no TMR(da) 
noTMR(da) 

. 
-

no TMR(da) 
noTMR(da) 

-
no TMR(da) 
noTMR(da) 

-
no TMR(da) 

no TMR(sa) 

noTMR(sa) 

noTMR(da) 
no TMR(sa) 
no TMR(da) 
no TMR(da) 

fibre only 

-
no TMR(sa) 
noTMR(sa) 
noTMR(da) 
no TMR(sa) 
no TMR(sa) 
sole TMR 
sole TMR 

no TMR(da) 

T/ = / 
T/ = 
T/T 
T 
t 
T 
T 
t 
t 
T 
T 
T 
T 
T 

T/T 
t / T / T 

T/T 
= / = 
T/T 
= /T 

T 
T/T 
t § 

T /T / = 
T /T /T 
T/T 

T 
T 

T/T 

9.1 */4.2/ 
4.8*/3.4 

5.1*/2.3* 

# 
-
-

58* 
646* 

-
NR 
130* 

-
49.6* 

136* 

20.1 /6.1 

5*/8*/8* 
1.9*/1.9* 

2440/2440 
190*/197* 

2.5* 

-
110*/120* 

29.2* § 
*/*/ns 

*/*/* 
1.2*/1.2* 

14.3* 

* 
136*/144* 

T vascular density and TGF-(3 bFGF expression at lw, decreasing at 8 w 

T vascular density and T VEGF. bFGF and TGF-3 at lw. lower at 4 w 
stimulation of angiogenesis and increased levels of FGF-2 

new capillaries with endothelium within the channels 
large amount of smaller vascular spaces and vessels of various sizes 
2-fold increase in VEGF mRNA, 3-fold increase in the number of new vessels 
number of microvcsscls significantly higher compared to the control group 

increase in vascularity within and immediately around channel remnants 
50% greater vascular density in TMLR treated areas 
-4 times greater vascular proliferation and -1.4 times greater vessel density 
numerous well developed capillaries or sinusoids inside channel remnants 
increased vascular density, not extending into immediate vicinity 

increased local vascularity by an average of 50% 

significant vascularity in and around the channel remnant 

similar T vascular density, higher VEGF-expression in 30-ch. needle group 
higher new vessel density in both CO: and powerdrill 
no overall increase in capillary density 
similar increase in arteriolar density, limited to channel remnant 
lased channels had a marked neovascular response vs. nonlased channels 
neovascularisation (capillaries+arterioles) at 2+3 w, decreasing at 6 w 
stimulated vascular growth inside to 3 mm outside channel remnants 
angiogenesis predominantly at the periphery of the channel remnants 
greater neovascularisation in Ho:YAG and CO: 
T volume density of intramyocardial vessels around scars with all lasers 
increased vascularity (similar in both groups) 
vascularised scars, in GF group more neoangiogenesis adjacent to channels 
330% increased arteriole development in TMR + FGF-2 
T vascular density in TMR and TMR + bFGF. latter more large vessels 

CI = chronic ischaemia; d = days: da = different animal; EEAP+ = positive endogenous endothelial alkaline phosphatase 
staining; ELISA = enzyme-linked immunosorbent assay; (b)FGF = (basic)fibroblast growth factor; FU = follow up; 
GF = mixture of growth factors, including FGF and TGF-fi: HPF = high power field; NI = no ischaemia; NR = not 
reported; ns = not significant; RF = radio frequency energy; sa = same animal; SMCL = smooth muscle cell layer; 
TGF-f3 = transforming growth factor-beta; VDAM = vascular density assessment method; VEGF = vascular endothelial 
growth factor: vWF+ = positive Von Willebrand factor staining; w = weeks. 

and sham treatments [111]. So far, virtually all devices that have been investigated for 
TMR have been able to induce angiogenesis in some form. Because it is impossible to 
draw a conclusion on which method is most effective, we and others [50] believe that 
angiogenesis may be just a non-specific healing response to myocardial injury. 

Second, it is crucial that the newly created vessels connect the hypoperfused regions 
to areas of the ventricle that are adequately perfused. An important point here is the 
extent to which the neovascularisation / angiogenesis expands into the myocardium 
surrounding the channels. Again, conflicting results have been reported. Several studies 
have reported neovascularisation limited to the channel remnants [93,118]. Others 
reported extension of neovascularisation up to 5 mm adjacent to the channel remnants 
[109]. In these two situations the extent of 'angiogenic revascularisation' differs 
dramatically. If for instance one channel of 1 mm diameter is created per cm2 (the 
clinical standard) in 1 cm thick ischaemic myocardium and neovascularisation is 
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confined to the channel remnant, approximately only 0.8% of the ischaemic area is 
'revascularised'. If, however, the neovascularisation extends 5 mm from the channel 
centre into the surrounding myocardium the effectively '^vascularised' area increases 
100-fold to approximately 80% of the ischaemic area. Since this would highly increase 
the probability of connection to normally perfused regions, it seems obvious that the 
credibility of the angiogencsis hypothesis requires extension of neovascularisation 
outside the channel remnant. 

A third point is the time span in which the increased vascular density develops, 
which is species dependent (generally the smaller the animal the quicker the 
neovascularisation develops), and even more important, how long it lasts. Increased 
vascular density has been described at time intervals ranging from 1 week [96,110,114] 
to 6 months [111,113]. The studies that evaluated different time points within one 
protocol have all shown an initial increase in vascular density followed by a relative 
decrease (although in all studies still higher than in controls) after several weeks 
[89,110,114,115]. This may be explained by the role of growth factors (GF) and wound 
remodelling following TMR. In the initial phase after injury an 11111311111131017 reaction of 
the myocardium leads to an increase in GF production by inflammatory cells. This is 
confirmed by several studies that found increased growth factors such as vascular 
endothelial growth factor (VEGF), basic fibroblast growths factor (bFGF), fibroblast 
growths factor-2 (FGF-2) and transforming growth factor-beta (TGF-(3) up to 6 weeks 
after TMR [96,110,115,116]. We hypothesise that, normally, after some time the 
inflammation will decrease, less inflammatory cells will be present, and the GF 
production will return to baseline. In the following process of wound remodelling, scar 
tissue may cause a portion of the new vessels to occlude, thus decreasing the vascular 
density. Although this may seem like Tosing of benefit', if the initial increase is high 
enough, the net result can still be positive. This is confirmed by the already mentioned 
findings of increased vascular density (vs. control) up to 6 months. Thus, from these 
studies we hypothesise that after the initial inflammation-induced increase and the 
subsequent (wound) remodelling-induced decrease a new (lasting) steady-state in 
(increased) vascular density is reached. The degree of vascular density in this steady-
state may be one of the determinants for the lasting efficacy of the treatment. 

Recently, several investigators have taken another (new) step in optimising the 
angiogenic response of TMR by administering vascular growth factors as an adjunct to 
channel creation. This enhances the angiogenic response [62,64], although not for all 
types of growth factors [60]. 

Concluding, although a formation of new vessels (larger than capillaries) is 
demonstrated after TMR by most studies and these results support the angiogenesis 
hypothesis as far as vascular density is concerned, the comparability between studies is 
low and most results (from 20 out of 28 studies) can only be used for comparison within 
the same study. Furthermore, from the results that are currently available the optimal 
'angiogenesis-inducing' device cannot be identified. Since it is not known what kind of 
damage (thermal / mechanical or other) gives the optimal angiogenic 'trigger', 
knowledge of the differences in laser-tissue interactions may (yet) be of limited use to 
identify the optimal device. 
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Perfusion 
An increased local perfusion following increased vascular density is essential to the 
angiogenesis hypothesis and two mechanisms have been suggested. First, myocardial 
perfusion could increase through new vessels that connect with the normally functioning 
native vessels surrounding the ischaemic myocardium and, second, local perfusion could 
increase through redistribution of perfusion within the ischaemic myocardium [120]. 
Physiologically, redistribution is more likely since myocardial ischaemia is often not 
completely transmural but predominantly endocardial. 

As mentioned earlier, the channel patency hypothesis does not comply with the 
results of acute perfusion studies (table 3). However, the absence of acutely increased 
perfusion in these studies does comply with the angiogenesis hypothesis. Furthermore, 
results from studies with a longer follow up (ranging from 4-26 weeks) also comply 
with the angiogenesis hypothesis because these studies have all shown a significant 
improvement in perfusion. This improvement has not only been reported in studies that 
used microspheres (which are limited to experimental research) but also in studies that 
used clinically accepted perfusion assessment techniques such as positron emission 
tomography (PET) and myocardial perfusion scintigraphy. Interestingly, the acute 
studies have mostly used canine models while the long-term studies have mostly used 
porcine models. This increases the validity of the perfusion studies since the acute 
studies lacked improvement in perfusion in a model which has been reported to have 
strongly varying and sometimes extensive collateral perfusion (canine), whereas in the 
long-term studies improvement was shown in a (porcine) model that is known to have 
little collateral perfusion. Furthermore, the studies with a long-term follow up all used 
chronic ischaemia models, which augments comparability with cardiac pathology in 
TMR patients. Long-term studies that separately used the C02, Ho:YAG or excimer 
laser have all reported (significant) improvement in perfusion. Furthermore, studies that 
compared either the C02 with the Ho:YAG laser [121] or the C02 with the excimer laser 
[122] reported similar effects of these lasers on myocardial perfusion (in a porcine 
model of chronic ischaemia). For the excimer laser, conflicting results are however 
presented by the only study that compared the effect of all three lasers (C02, Ho:YAG 
and excimer), also in a porcine model of chronic ischaemia. This study reported similar 
improvement after C02 and Ho:YAG TMLR but no change after excimer TMLR [111]. 
More laser-comparing studies have to be performed before a clear statement can be 
made on which laser is most effective in increasing the myocardial perfusion after 
experimental TMLR. 

In conclusion, none of the experimental studies that assessed perfusion acutely after 
TMR showed any increase in perfusion or flow. However, in contrast, all experimental 
studies that assessed perfusion at four weeks after treatment or later (using C02, 
Ho:YAG and excimer lasers) demonstrated an improved perfusion (table 3). This 
difference can logically be attributed to the time required for new vessels to grow. 
Although in humans no evident improved myocardial perfusion has been confirmed, the 
experimental findings correlate with the clinical finding that TMR is more effective as a 
treatment for chronic ischaemia than for acute ischaemia. However, the enormous 
discrepancy in perfusion results between animal (increase in all long-term studies) and 
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Group Year Animal 

model 
Device Assessment method 

Goda [94] 
Hardy [123] 
Landrenau [124] 
Kohmoto [90] 
Lutter [125] 
Lutter[126] 
Lutter [127] 

Whittaker[128] 
Yamamoto [92] 

1987 
1990 
1991 
1997 
1998 
1999 
2001 

1993 
1998 

porcine AI 
canine AI 
canine AI 
canine AI 
porcine AI 
porcine NI 
porcine CI 

canine AI 
canine CI 

CO: (2 
CO: (2 
CO: (2 

CO; 
CO: 
CO: 
CO: 

1 channel s) per cm" 
1 channel) s) per cm" 
1 channcl(s) per cm2 

llo:YAG 
Ho:YAG 

Kohmoto [129] 1997 canine AI 

Hamavvy [130] 

Hughes [121] 
Martin [122] 
Hughes [111] 

2001 

1999 
2000 
2000 

porcine CI 

porcine CI 
porcine CI 
porcine CI 

Ho:YAG (non-transmural) 

ncimer (10/25 / 50 channels) 

CO; HorYAG 
CO; excimer 

CO: / Ho:YAG / excimer 
CÔ  + bFGF Lutter [63] @ 2000 porcine CI 

Yamamoto [64] 2000 canine CI Ho:YAG HorYAG + bFGF 

channel perfusion by ventriculography 
RMBF using radioactive microspheres 
RMBF using radioactive microspheres 
RMBF using coulored microspheres 

RMBF using radioactive microspheres 
RMBF using radioactive microspheres 
RMBF using radioactive microspheres 

RMBF using radioactive microspheres 
RMBF using coulored microspheres 

flow through intra-channel implanted IMA 
flow around eh. using coulored microspheres 

RMBF using Tc-scstamibi scintigraphy 

RMBF using PET scintigraphy 
RMBF using radioactive microspheres 

RMBF using PET scintigraphy 
RMBF using radioactive microspheres 
RMBF using coulored microspheres 

Table 3. Experimental (animal) studies reporting on perfusion, arranged according to the used device. Acute 
ischaemia was always induced by ligation of a coronary artery, hi studies with multiple follow up times (e.g. acute / 8-
9 w) or multiple devices (e.g. CO?/ Ho.YAG), 'results' are given per Fil time or device (e.g. = / =). To illustrate the 
diversity in describing results between studies, the descriptions of the authors are summarised in the last column. 
@ information from abstract; * p< 0.05 vs. control; § result combined for CO : and HorYAG (not further specified); 

human research (increase in only one out of five randomised clinical trials) is a point of 
concern. Whether it is caused by a lack of correlation between animal models and 
human pathology, or because human perfusion assessment techniques may not be 
suitable for TMR research [1311, remains unknown. 

The 'denervation' hypothesis 
The third mechanistic explanation originates from the observation that many patients 
experience relief of angina within days after treatment. Since angiogenesis cannot 
explain this acute improvement (it is unlikely that the growth of new blood vessels 
occurs that fast), another explanation was found in myocardial denervation. This 
concept is based on direct intervention in the (neural) pain sensation rather than 
reducing anginal pain through increased perfusion of the ischaemic myocardium. The 
hypothesis is based on a combination of observations. The perception of anginal pain is 
believed to be transported to the brain through cardiac nociceptors and afferent 
sympathetic fibres [132]. Histologic studies have shown that bundles of these fibres are 
located superficially in the epicardium [133], giving off deeper branches towards the 
endocardium, and these bundles are thus easily accessible by epicardially oriented laser 
treatment. Furthermore, in diabetic patients silent myocardial ischaemia, i.e. ischaemia 
without anginal pain, is frequently observed [134]. Here, the diabetic neuropathy that 
these patients often have may cause a destruction of the above mentioned sympathetic 
fibres in the myocardium. Other (clinical) indications that denervation may relieve 
angina are the reported beneficial effects on angina of neuromodulating therapies such 
as spinal cord stimulation [135] and thoracic epidural anaesthesia [136], and the 
observation that patients who have undergone a hart-transplant do not experience 
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l l Control Results Authors description 

3 w 
acute 
acute 
acute 
acute 
acute 
12 w 

acute 
acute / 8-9 w 

acute 

4 w 

26 w 
18 vv 
26 w 
12 vv 
8 w 

no TMR (da) 
no T.MR (sa) 
no TMR (sa) 
noTMR(sa) 
no TMR (da) 
no TMR (da) 
no TMR (da) 

no TMR (da) 
no TMR(da) 

no AI (sa) 

pre-TMR 

no TMR (da) 
no TMR (da) 
no TMR (da) 
no TMR (da) 
no TMR (da) 

0 
-
-
= 

= / = 
= / = 

f * J 1"* 

-
= /T* 

0 / 

=/=/T* 

T*fj 
T*/1* 

' * * • * 

T* 
T*/T* 

no evidence of penetrating intramyocardial channels 
no increased blood flow in laser-treated tissue 
no improvement in regional myocardial blood flow 
no significant acute myocardial perfusion (in isolated heart setup) 
no difference in blood How between laser-treated and ischacmia hearts 
normal regional myocardial blood flow in all study groups 
relative blood flow significantly higher in laser groups 

no immediate improvement in flow after laser treatment 
during adenosine stress increased blood flow capacity at 8-9 vv 
a limited amount of acute myocardial perfusion can be achieved / 
further penetration into surrounding myocardium during ischaemia 

improvement in stress-induced ischaemia only in 50-channel group 

significant improvement in myocardial blood flow to the lascd regions 
similar improved perfusion in CO2 and excimer groups 
improved perfusion in Ho:YAG and CO;, not in excimer 
TMR • bFGF significantly ameliorates perfusion 
during adenosine stress similar increase with TMR and TMR + bFGF 

'=' = no change vs. control; 0 = no flow in channels; T = increased; —> = further penetration into surrounding 
myocardium: Al = acute ischacmia; ch. = channels; CI = chronic ischaemia; da = different animal; bFGF = basic 
fibroblast growth factor; FU = follow up; IMA = internal mammary artery; m = months; NI = no ischaemia; 
PET = positron emission tomography; RMBF = regional myocardial blood flow; sa = same animal; Tc-sestamibi = 
Technetium sestamibi; vv = weeks. 

anginal pain despite the fact that they can develop extensive coronary artery disease. 
Currently, five experimental studies have reported on myocardial denervation as a 

possible effect of TMR. In a canine model, Kwong and co-workers [137] performed 
either Ho: YAG TMLR, chemical destruction of cardiac nerves by epicardial application 
of phenol (positive control), or a sham operation (negative control). After two weeks, 
cardiac afferent nerve function was assessed by the effect of epicardial application of 
high concentrations of bradykinin (2 g/1) on the central nervous system mediated mean 
arterial pressure (MAP). Furthermore, innervation was assessed by analysing the content 
of the sympathetic nerve-specific enzyme tyrosine hydroxylase. Both in laser and in 
phenol treated animals no change in MAP was seen after bradykinin stimulation and 
complete loss of tyrosine hydroxylase was demonstrated in the affected areas. In 
contrast, in the untreated (sham) animals a decrease in MAP and no loss of tyrosine 
hydroxylase was found, and they concluded that TMR using a Ho:YAG laser destroys 
cardiac nerve fibres. 

With the same assessment techniques as Kwong, Yamamoto and colleagues used RF 
energy to create transmyocardial channels in canine hearts [56]. Four weeks after RF-
TMR they found (compared to controls) a decreased effect of epicardial application of 
bradykinin on the MAP and a decrease in tyrosine hydroxylase content in treated 
regions. They concluded that RF-TMR denervates canine myocardium and has effects 
comparable to laser TMR. 

A puzzling result in both these studies is the decrease in MAP after epicardial 
administration of bradykinin in healthy untreated canine, which the authors attributed to 
a local bradykinin-induced stimulation of afferent fibres. However, in contrast, others 
have described an increase in MAP following epicardial application of bradykinin, and a 
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decrease in MAP was described only after systemic administration [138]. This is in 
conflict with the results of Kwong and Yamamoto. We hypothesise that the pre-TMR 
decrease in MAP described by them is due to diffusion of the high dosage of epicardial 
bradykinin into the systemic circulation. This could mask any locally induced pressure-
increasing effect. The reported absence of the systemic MAP decrease after TMR might 
then be due to an inability of bradykinin to diffuse through TMR-treated myocardium 
into the circulation. Nevertheless, the reported absence of a then expected bradykinin-
induced increase in MAP (which would be due to the local effect) after TMR indicates 
denervation, which is also supported by the reported decrease of tyrosine hydroxylase 
content. 

In contrast to these two studies, other reports do not support direct efferent and / or 
afferent denervation as a mechanistic explanation. Minisi and colleagues investigated 
the reflex responses of left ventricular nociceptors and sympathetic afferent fibres in 
response to epicardial and intracoronary bradykinin administration and found no 
significant change in these responses after Ho:YAG TMLR in canine hearts [139]. 
Hirsch and co-workers reported on a canine study using a Ho:YAG laser [140] with 
three different methods to assess the acute effect of TMLR on myocardial innervation: 
Direct measurement (neural recording) of afferent neuron activation by epicardial 
application of bradykinin (in a much lower dose than used by Kwong and Yamamoto), 
electrical or chemical activation of sympathetic or parasympathetic efferent neurons, 
and direct intravenous beta-adrenergic receptor stimulation. No acute effect of TMLR 
was found on either afferent or efferent neuronal function. However, this study lacked a 
positive control, and it can therefore not be ruled out that global effects of the 
anaesthesia masked local effects caused by the laser treatment. This is supported by the 
fact that although an increase in afferent neural activity was recorded after epicardial 
bradykinin application, at no point (pre- or post-operative, control or TMLR) the 
epicardial bradykinin had any effect on arterial pressures. Whether this was caused by 
the anaesthesia or the low bradykinin dose is unknown. In a later study by the same 
group (by Arora and colleagues), chronic effects of TMLR were investigated using the 
same laser and assessment methods [141]. Here, a positive control group was included 
(destruction of nerves by epicardial application of phenol) and in compliance with their 
acute results, they reported that 'chronic TMLR does not alter cardiac afferent or 
efferent neuronal function'. However, they also reported that 'it does remodel the 
intrinsic cardiac nervous system such that the functional connectivity becomes 
obtunded". They concluded that this remodelling may account, at least in part, for the 
delayed symptomatic benefits in patients undergoing TMLR. 

Besides these five papers, several abstracts have been published on denervation 
research, speaking for or against this mechanism. Kwong and colleagues used the same 
techniques and follow up time as in their previous study to investigate the effect of 
endocardial non-transmural laser channels on the innervation of canine hearts [142]. 
Although the effect was less pronounced than with transmural TMR, they did find a loss 
of tyrosine hydroxylase and a decreased effect of epicardial application of bradykinin to 
MAP. The former can be explained by the fact that less myocardium is affected by 
endocardial TMR and the latter by the epicardial location of the sympathetic fibres (less 
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damaged by endocardial TMR) or by the epicardial orientation of assessment. Le and 
colleagues also performed endocardial Ho:YAG TMLR in a canine model [143]. After 
an average of 10 weeks, they assessed dobutamine induced changes in myocardial 
perfusion before and after treatment and their results indicated a lack of vasoconstriction 
after the treatment, which, as they concluded, was likely due to cardiac denervation. 

Contrasting results were reported by Hughes and co-workers who used a porcine 
model of hibernating myocardium and assessed the effect of C02, Ho:YAG and excimer 
TMLR after six months on histologic staining and protein concentration of tyrosine 
hydroxylase [144]. In contrast to the results previously described by Kwong, they did 
not find any effect of TMLR on this sympathetic nerve-specific enzyme, regardless of 
the laser used. However, unlike the other studies, only the amount of tyrosine 
hydroxylase in treated myocardium was measured and nervous functionality was not 
examined. Therefore, a functional effect such as nervous remodeling suggested by Arora 
and colleagues [141], cannot be excluded. 

Since the denervation hypothesis is focussed on the destruction of tissue instead of 
the healing response it might be reasoned that the device that creates the most extensive 
(thermal) damage is the most effective to induce denervation (provided that enough 
myocardium survives to enable effective contraction). In this line of thought the most 
effective device seems to be the Ho:YAG laser [87] which has also been used in most 
studies. However, varying results have been reported, making it difficult to define 
whether this is indeed the most effective device. 

In conclusion, several assessment techniques have been used to measure the 
sympathetic nervous activity before and after TMR. From the eight experimental studies 
that have been reported (six using a Ho:YAG laser, one using RF energy and one using 
C02, Ho:YAG and excimer laser), five have reported evidence of denervation or 
remodelling of the cardiac nervous system at two to 10 weeks after TMR [56,137,141-
143]. Of the three studies that did not find any evidence of denervation, two used 
assessment acutely after TMR [140,145] and one did not assess nervous functionality 
[144]. Thus, experimental evidence for TMR-induced denervation is present although 
not in the acute phase. Denervation at longer follow up is confirmed by the results of the 
only clinical study that has investigated denervation after TMLR [146]. In this study, 
Al-Sheikh and colleagues performed pre- and post-operative PET imaging of 
myocardial sympathetic innervation in eight Ho:YAG treated patients. After two 
months, an increase in the size of innervation defects in six patients and a decrease in 
the size of innervation defects in two patients was demonstrated and they concluded that 
TMLR causes cardiac sympathetic denervation. 

Other hypotheses 

Placebo effect 
The extreme discrepancies in TMR research, both within animal research and between 
animal and human research, have raised the thought that a placebo effect may play a role 
in the clinical improvement. Since most TMR patients have a long history of treatment 
and have often been told that there are no more treatment possibilities, the option of 
TMR may create enormous hopes for treatment success, resulting in a (placebo) bias in 
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results such as angina scores and quality of life. As a response, positive alteration in 
other factors, such as optimisation and adherence to medication regimes, improved diet 
and appropriate rest and exercise, might also contribute to an improvement after TMR. 
Furthermore, a possible (placebo) effect of the surgical procedure itself (usually a 
thoracotomy) may also play a role. Anecdotal evidence of clinical improvement in 
patients who only received thoracotomies or sternotomies without further treatment has 
been described in the past (references not retrieved). In our own practice, we have also 
seen complete relief of angina immediately after surgery in a patient who was planned to 
receive CABG but ultimately only received a sternotomy because no grafts could be 
placed. Unfortunately, it is virtually impossible to clinically assess the importance of the 
surgical placebo effect since it is unethical to compare TMR and sham operations in 
humans in a controlled and blinded study. Furthermore, the subjective nature of the 
placebo effect makes it also impossible to investigate this hypothesis in animal studies. 
Finally, although the placebo effect may contribute to the short-term clinical 
improvement after TMR, it is unlikely that it plays a role in the persisting (long-term) 
improvement that has been described after TMR [147]. However, a combination of 
placebo and a consequent increase in exercise resulting in neovascularisation. should not 
be ruled out (see below). 

Other 
Through the years, several other hypotheses for the mechanism of action have been 
suggested. They include scar production leading to an improved cardiac compliance and 
efficacy [82,97,148], myocardial destruction resulting in a redistribution of blood flow 
and improved oxygenation of surviving myocardium [120], a photo-acoustically induced 
change of conduction of ischaemic myocardium resulting in improved contractility and 
function [149], and a combination of mechanisms. Additionally, another mechanism has 
been suggested which might play a role in the long-term relief of anginal pain: TMR 
relieves angina acutely by any of the working mechanisms suggested above, followed 
by an increase in exercise in individual patients, resulting in an increase of shear stress 
in myocardial vessels and stimulation of angiogenesis in the myocardium. Although 
they have been suggested as mechanisms, for these hypotheses no or little research has 
been performed to make a funded statement on their (clinical) significance. 

Conclusion 

Despite the controversy and the many questions that have surrounded TMR in the past 
35 years, the demonstrated relief of angina following TMR still captures the interest of 
clinical and basic researchers around the world. A number of books have been written 
[51,87,149,150] and for several years the number of other publications on TMR has 
risen steadily, peaking in 1999, the year in which the first randomised clinical trials 
[151-154] were published (figure 1). The recently observed sharp decrease (in 2000 and 
2001) may have several reasons. On the one hand it is a reflection of a procedure 
maturing from experimental to routine (based on the results of five randomised clinical 
trials) and on the other hand it could be an indication that the lack of an accepted 
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mechanism and the consequent continuing controversy is decreasing the interest of 
clinicians and scientists. This controversy surrounding TMR is furthermore due to the 
discrepancy between general improvement of subjective parameters (e.g. angina and 
quality of life) and varying results of objective parameters (e.g. perfusion and exercise 
tests). In the five randomised clinical TMLR trials that have been published, using either 
a C02 [153-155] or Ho:YAG laser [151,152], clinical improvement in angina (defined 
as a decrease after one year of at least two angina classes) was found in 58% of a total of 
402 patients that received stand alone TMLR vs. 11% in a total of 272 control patients 
(excluding crossover). Given that all patients had severe angina and were not eligible for 
other revascularisation procedures, this result (in combination with the improvement in 
quality of life) is impressive. However, as mentioned, the results of objective parameters 
have been much less evident, with for instance only one of the five studies (using C02 

TMLR) reporting significantly improved perfusion following treatment [153] and two 
out of four studies (one study did not assess exercise tolerance) reporting a significant 
increase in exercise tolerance [151,152]. This variation in objective clinical results 
emphasises the need for (objective) experimental studies which have been described in 
this paper. 

150 | . 

1981-1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 

Year 

Figure 1. Number of' publications on TMR (transmyocardial revascularisation) and P.MR (percutaneous 
myocardial revascularisation) between 1981 and 2001. Included are all forms of publications (clinical and 
experimental) that were acquired from the literature search that is described in the introduction, including journal 
articles, (meeting) abstracts, letters, replies to letters, conference discussions, reviews and editorials. 

When attempting to answer the question "What have we learned?", we have to 
conclude that the 'patent channels' hypothesis has lost interest and credibility, and we 
believe that there is enough evidence to reject this hypothesis. For both the angiogenesis 
and denervation hypotheses, supporting experimental evidence has been given and it is 
therefore likely that both mechanisms play a role. However, the angiogenesis hypothesis 
loses some support when reviewed in combination with the clinical findings because of 
the clinical inability to demonstrate (reproducible) improved perfusion. The 
experimental denervation evidence is supported by the one clinical study investigating 
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this hypothesis. However, more (clinical) studies have to be performed before a firm 
statement can be made. 

In spite of the sometimes large discrepancies between studies, the experimental 
research that has been performed in the past 35 years has provided important insights 
into the various hypotheses that have been suggested for the working mechanism of 
TMR. However, although this research has contributed to our understanding it has not 
(yet) led to the final elucidation of the problem. We believe that (continued) clinical 
research on the hypotheses is essential to obtain a complete understanding of the 
working mechanism of TMR. and this will ultimately provide the best possibility to 
optimise TMR as a (last resort) treatment for angina pectoris. Whether the reclining 
interest in TMR research will lead to a slow death or a general acceptance of the 
treatment remains to be seen. 
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Chapter lil 
Abstract 

Animal models used in transmyocardial laser revascularisation (TMLR) research lack 
the increased fibrosis observed in patients with chronic myocardial ischaemia. This 
pathology has also been described in patients with chronic elevated afterload, and 
therefore we evaluated the Spontaneously Hypertensive Rat (SHR) as a model for 
TMLR research. 

We compared i) the myocardial pathology of SHR with the pathology of three 
TMLR patients, ii) the reaction to TMLR in SHR and human myocardium using three 
different lasers and iii) myocardial hypoxia in SHR myocardium and (healthy) Wistar 
rat myocardium. 

SHR and human myocardium both showed increased fibrosis and similar myocardial 
reactions to TMLR (comparable morphology of fibrotic TMLR channel scars). More 
hypoxic cells were observed in SHR than in Wistar control rat myocardium. 

The similarities between SHR and human chronic ischaemic myocardium make the 
SHR a suitable model for TMLR research. 
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Introduction 

Transmyocardial laser revascularisation (TMLR) is used to treat severe angina pectoris, 
refractory to conventional treatment methods (medication, coronary angioplasty and 
coronary bypass surgery). Although TMLR is clinically effective [151-155], its working 
mechanism and hence scientific basis is still unclear. Therefore, research on animal 
models which mimic the underlying pathophysiology and morphology of chronic 
ischaemic human hearts, is an important step in elucidating the working mechanism and 
optimising TMLR treatment. 

The typical TMLR-eligible patient has undergone one or more coronary angioplasties 
and / or coronary bypass surgeries but, despite these interventions, still suffers from 
severe angina pectoris under maximally tolerable cardiac medication. The intractable 
angina is caused by insufficient myocardial perfusion due to diffuse coronary artery 
disease, which can lead to ischaemic cardiomyopathy. In these patients, patchy 
interstitial fibrosis is observed which is due to chronic myocardial ischaemia and 
episodes of ischaemia-induced focal or diffuse haemorrhage and infarction [156,157]. 
As a consequence, compensatory hypertrophy of remaining myocytes often develops 
and many patients have cardiac hypertrophy despite focal necrosis. These pathologic 
changes can result in a large morphologic diversity in the myocardium of chronic 
ischaemic patients; normal myocardium is mixed with bundles of hypertrophied 
cardiomyocytes as well as with areas of increased connective tissue and fibrosis. 

So far, many different animal models have been used in TMLR research. Although 
some possess the pathophysiology of chronic myocardial ischaemia, i.e. reduced 
coronary flow and contraction, they all lack some of the pathologic changes often seen 
in hearts of TMLR patients, i.e. increased interstitial and scarring fibrosis. Since 
myocardial ischaemia and increased fibrosis have also been described in hearts of 
patients with a chronic afterload increase (e.g. due to systemic hypertension) [158], we 
evaluated whether the Spontaneously Hypertensive Rat (SHR), a strain with hereditary 
hypertension, could serve as a model for TMLR research. 

To investigate this, we compared the pathologic changes in the myocardium of SHR 
to those observed in a TMLR eligible but untreated patient, as well as the myocardial 
tissue reaction of SHR and patients to TMLR using three different lasers. Furthermore, 
since it has been reported in the literature that, with increasing age, the SHR 
myocardium is more prone to ischaemia (like TMLR patients) than myocardium from 
'normal' rats [159,160], we immunohistochemically assessed the extent of hypoxia 
under normal (resting) conditions both in old SHR myocardium and in myocardium of 
healthy Wistar rats. All experiments were approved by the hospital's Animal 
Experimental Committee. 

Methods 

The Spontaneously Hypertensive Rat 
Starting at an age of approximately eight weeks, SHR develop increasing spontaneous 
hypertension (SH) which induces several myocardial morphologic changes such as 
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myocardial hypertrophy and increased fibrosis. The SH and associated morphologic 
pathology can be divided into three stages: i) a developing phase (8-23 weeks of age), ii) 
an early established phase (24-51 weeks), characterised by a generalised increase of 
interstitial fibrous tissue in all myocardial regions, and iii) a late established phase 
(> 52 weeks), characterised by patchy areas of fibrosis considered to correspond with 
fibrotic repair of focal ischaemic myocardial lesions (replacement fibrosis) [160]. 

Histology 
We have evaluated the histo-pathology of male SHR myocardium aged 6 (n = 5), 
12 (n = 2), 15 (n = 2) and 18 (n = 2) months {Charles River Nederland, Someren, The 
Netherlands) and compared it with that of healthy Wistar rat myocardium (6 months old, 
n = 4). Furthermore, we compared the histology of TMLR channel scars in SHR 
(obtained from another experimental study which will be reported in the future) with 
human TMLR channel scar appearance. TMLR was performed (2 channels per heart) in 
SHR according to a previously described technique and protocol [161] (see chapter IV). 
Channels were created using either a XeCl excimer laser (Medolas MAX-10, Munich, 
Germany; wavelength = 308 nm; 200 urn diameter fibre; pulse duration 60 ns, 
2 mJ/pulse, 10 Hz), a holmiumryttrium-scandium-gallium-garnet (Ho:YSGG) laser 
(1-2-3, Schwarz Electro-Optics Inc., Orlando, FL, USA; wavelength = 2.09 urn; 320 urn 
diameter fibre; pulse duration 200 us, 0.12 J/pulse, 5 Hz) or a C02 laser (Coherent 
5000 C, Santa Clara, CA, USA; wavelength = 10.6 urn; 200 urn beam diameter; 100 W, 
one 10 ms pulse). The animals were sacrificed 2 weeks after the TMLR procedure. 
Representative examples of TMLR channel scars were obtained for all three lasers and 
described in the study reported here. 

All animals were sacrificed with intraperitoneal injections of 1-2 ml Nembutal5 

(60 mg/ml natriumpentobarbital, Sanofi Santé BV, Maassluis, The Netherlands), after 
which hearts were taken out and dehydrated in 3.8% buffered formalin for at least 
48 hours. Non-TMLR treated hearts were cut parallel to the base in four equally thick 
slices (one basal which was not used for analysis, two mid-ventricular and one apical) 
embedded in paraffin and sectioned at 5 urn. TMLR treated hearts were cut parallel to 
the septum approximately in the middle of the left ventricle. The left ventricular section, 
which included the laser-treated area, was embedded in paraffin and sectioned at 5 urn. 
Sectioning was performed perpendicular to the channel direction. Sections were stained 
with elastin van Gieson for visualisation of tissue collagen and elastin, viewed under 
light microscopy and photographed using a digital camera. 

Staining for myocardial hypoxia 
We used the tissue hypoxia marker pimonidazole which is also used in human oncology 
to assess tumour hypoxia [162]. In short, under hypoxic conditions in vivo injected 
pimonidazole binds to intracellular proteins, forming a pimonidazole-protein adduct. 
This adduct can be stained in paraffin sections using immunohistochemistry. In 3 SHR 
of 9-11 months old and in 2 Wistar rats assessment of myocardial hypoxia was 
performed. The animals were sacrificed as described above with addition of an 
intraperitoneal injection of 1 ml/kg NaCl containing 120 mg/ml pimonidazole-
hydrochloridc (Hypoxyprobe-1, Natural Pharmacia International Inc., Belmont MA, 
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USA) 90-110 minutes before sacrifice. Concentration and administration route of 
pimonidazole and the time span between injection and sacrifice were derived from the 
literature [163]. The hearts were dehydrated, sliced, embedded and sectioned as 
described above. Per apical or mid-ventricular slice, 2 sections were stained for hypoxia. 
Positive control sections (murine tumour tissue, obtained from Natural Pharmacia 
International Inc., Belmont MA, USA) were stained together with the SHR and Wistar 
sections to assure that any observed positive staining could be attributed to 
pimonidazole-hydrochloride 'labelled1 hypoxia. 

Patients 
We had the opportunity to study the cardiac pathology of three TMLR (eligible) patients 
with chronic myocardial ischaemia. The first patient was a 61-year old male who died of 
a myocardial infarction while he was being screened for TMLR. The second patient was 
an 81-year old male who died of recurrent pneumonias three months after TMLR with a 
XeCl excimer laser (Medolas Max-20, Munich, Germany; wavelength 308 nm, pulse 
duration 110 ns, 40 mJ/pulse, 40 Hz; 1 mm fibre). The third patient was a 72-year old 
male who died of cardiac electromechanical dissociation two and a half years after 
TMLR with a Ho:YAG laser {CardioGenesis NSLX-6, CardioGenesis Corp., Sunnyvale, 
California, USA; wavelength 2.1 urn, pulse duration 350 us, 2.0 J/pulse, 16 Hz; 1.9 mm 
fibre). Autopsy was granted and sections of the heart were cut and stained with 
haematoxilin & eosin, elastin van Gieson and anti-von Willebrand Factor. 

Results 

Characteristics of myocardium from SHR, the non TMLR treated patient and Wistar rats 
are summarised in table 1. 

SHR histology 
Macroscopically, the SHR hearts displayed an increased LV wall thickness at all 
investigated ages (approximately 3.3, 3.5, 3.7 and 3.7 mm at 6, 12, 15 and 18 months 
respectively) compared to that of the Wistar control hearts (approximately 1.75 mm). 
Microscopically, the hypertrophy could be confirmed in SHR by the presence of large 

Cause of pathology 
Hypertrophy 
- LV wall thickness (mm) 

Interstitial fibrosis 
- location 

Perivascular fibrosis 

Hypoxic cell staining 
- % stained cells 
- location of staining 

SHR 
myocardium 
hypertension 

yes 
T * 
t 

more endocardial 

T 
individual - clusters 

<5 
more endocardial 

Human CI 
myocardium 

chronic ischaemia 

yes * 
T 
T 

more endocardial 

r 
n.p. 
ii.p. 

n.p. 

Wistar (control) 
myocardium 

no 
normal 

_ 
-

individual 
< 1 

diffuse 
Table I. Comparison of SHR, human chronic ischaemic (CI) and healthy Wistar myocardium. * compared to 
Wistar rats: % assessed by heart weight (> 600 gr). LV' wall thickness and cardiomyocyte morphology; | = increased; 
LV = left ventricular; n.p. = not performed 
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hypertrophied cardiomyocytes containing large nuclei. Also at all investigated ages, 
SHR myocardium contained considerably more connective tissue (fibrosis) than healthy 
Wistar myocardium. Although this fibrosis was already present in the 6 months old SHR 
hearts, it was most pronounced in the 12. 15 and 18 months old SHR. Figures 1 A and B 
show examples of a 12 month old SHR heart and a Wistar heart. The fibrotic tissue 
in SHR was distributed both interstitially and perivascularly, and was most pronounced 
in the endocardial region (figure 1A,). Although the myocardial hypertrophy slightly 
increased with age (increased LV wall thickness), the 15 and 18 months old SHR did 

x 40 x 400 

Figure 1. Elastin van Gieson stained myocardium of a 12 month old SHR (Ai+2), a healthy Wistar rat (B,+2) and the 
first patient (C(+2). In both the human and SHR myocardium, extensive areas of collagen (red) are dispersed throughout 
myocardial tissue (green-brown). In Wistar myocardium, collagen content is much lower. ArQ: original magnification 
x40. A:-C2: original magnification x 400. LV = left ventricular cavity. For this figure in colour see page 146. 
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not show markedly more fibrosis compared to the 12 month old SHR (not shown). In the 
Wistar control hearts, fibrosis was absent (figure IB,). 

In the TMLR treated SHR, channel scars could be clearly observed in the 
myocardium and presented as islands of fibrous tissue. Scars of channels created with 
the excimer and CO2 lasers had similar appearences and consisted of a slim, linear 
strand of collagenous tissue (examples are shown in figures 2Ai and 2A3 respectively). 
Some extension of collagen into the surrounding tissue was observed, however this was 
mainly oriented parallel to the channel direction. Ho:YSGG channel scars (example 
shown in figure 2A2) were much wider than CO2 and excimer scars. Furthermore, at the 
edges of Ho:YSGG channel scars, short penetration of fibrotic tissue into the 
surrounding myocardium was observed. Unlike the CO2 and excimer channel scars, this 
penetration was also observed in a direction perpendicular to the channel direction, 
similar as wall dissections observed previously in the pig [164]. 

Staining for myocardial hypoxia 
In the hearts of all three investigated SHR, light-microscopic inspection displayed 
pimonidazole-hydrochloride staining both in individual cells as well as in small clusters 
of cells (see figure 3A). Overall, the number of stained cells was small (< 5%). There 
was no difference in the amount of stained cells between the apical and the mid-
ventricular slices. Although the stained cells or clusters of cells were randomly 
distributed in the myocardium, the density was slightly higher at the endocardial side 
than at the epicardial side. In the hearts of the two Wistar control rats, individually 
stained cells were present in low densities (< 1% of cells) distributed randomly in the 
myocardium. In contrast to the SHR myocardium, no clusters of stained cells could be 
observed (see figure 3B). 

Patient histology 
On macroscopic inspection all three hearts showed marked hypertrophy (weight 
> 600 g) and dilatation of both ventricles. The hypertrophy was confirmed 
microscopically by the presence of large cardiomyocytes containing large nuclei. 
Furthermore, microscopic investigation displayed several areas with randomly dispersed 
patchy fibrosis (figure 1C) in all three hearts. The fibrosis was predominantly located in 
the endocardial regions and indicative of old chronic ischaemia. Furthermore, in the first 
two patients a few areas displayed dense sclerotic hypocellular connective tissue, 
indicating sites of (old) myocardial infarction. 

In the two patients that were treated with TMLR, fibrotic scars with a linear 
distribution were observed in the myocardium (figures 2B| and 2B2). They were in 
continuity with small, circumscribed fibrotic scars on the epicardial and endocardial 
surfaces. These surface scars were highly suggestive for respectively entrance and exit 
sites of laser energy, and the scars in between were therefore considered TMLR channel 
scars. Amidst the fibrotic tissue large ectatic thin walled vessels were present in both 
cases. When comparing excimer and Ho:YAG channel scars, a clear difference between 
the shape and size could be observed. Apart from the much larger diameter of the 
Ho:YAG channel scars (1750 urn vs. 750 um of excimer), they also displayed a much 
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SHR Human 

excimer 

holmium -€ 

CO2 

Figure 2. Klastin van Gieson 
stained t ransmvocardia l laser 
channel scars, created in SHR 
(A1.3) and human myocardium 
(B1.3). A/: XeCI excimer laser in 
a SHR; A:: Ho.YSGG laser in a 
SHR; A3: CO; laser in a SHR; 
B/: XeCI excimer laser in the 
second patient: B\ Ho:YAG 
laser in the third patient; B;; 
CO; laser in human myocardium 
/courtesy of Dr. Daniel Burkhoff 
[101]; reprinted with permission 
from the Society of Thoracic-
Surgeons). In SIIR. channels 
created with the CO; and 
excimer lasers had similar 
appearances and consisted of a 
slim, linear strand of fibrous 
tissue (A/ and At). Some 
extension of collagen into the 
surrounding tissue was observed, 
however this was mainly 
oriented parallel to the channel 
direction (arrow in At). 
Ho.YSGG channel scars (A:) 
were much wider than CO; and 
excimer channel scars and 
showed lateral penetration of 
ftbrotic tissue into the 
surrounding myocardium (arrow 
in A;) which was not observed 
with in CO; and excimer scars. 
Similar differences in shape 
between excimer. holmium and 
CO; laser channel scars were 
obsen-ed in the human 
myocardium (B/.j). The larger 
size of the human channels is due 
to the larger diameter fibres 
used for TMLR (1 mm for the 
XeCI excimer and 1.9 mm for the 
Ho.YAG laser); u = micrometer. 
For this figure in colour see 
page 147. 

more irregular edge with lateral expansion of connective tissue compared to the 
relatively straight shape of the excimer channel scars (figures 2Bi and 2B2). Similar 
histopathological findings in TMLR-treated patients have also been reported by others 
(see chapter VII of this thesis or ref [104] for an overview). 
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SHR Wistar 

Figure 3: Myocardium of an SHR (3A) and a Wistar rat (3B) stained with the pimonidazole hypoxia staining 
method. In the SHR myocardium, clusters of (brawn) stained ceils could be observed (indicated by the arrows). In the 
Wistar myocardium, staining was much less frequent and only observed in individual cells (the arrows indicate 2 stained 
cells). Original magnification x 20. For this figure in colour see page 145. 

Discussion 

The ideal animal model for TMLR research mimics the ischaemic cardiomyopathy due 
to chronic severe ischaemia observed in typical TMLR patients. Human ischaemic 
cardiomyopathy includes changes in physiology (reduced coronary perfusion and 
myocardial contraction) and changes in morphology (diffuse scarring and fibrosis). 

Animal models that have been used in experimental TMLR research can be 
categorised either by species or by (disease) model. At least five species have been 
described: dog [46], rat [49], pig [113], sheep [83] and mouse [110]. The dog has been 
the most widely used in the early studies, despite an important limitation, i.e., the canine 
(as well as the ovine) heart has strongly varying and sometimes extensive collateral 
circulation [87], making it less suitable for TMLR perfusion and infarction studies. 
More recently, therefore, the focus has shifted to the pig. The porcine heart, as well as 
the rat heart, has negligible collateral perfusion making it both more suitable for 
perfusion studies and more comparable to the human heart. 

Three types of models have been used in TMLR research. The first are non-
ischaemic models, where TMLR is performed in healthy myocardium [69,91]. These 
models lack the physiologic and morphologic features of the human pathology, making 
their use especially limited in perfusion studies. The second are acute ischaemia or 
infarction models, where a coronary artery is ligated. Because TMLR is clinically not 
used to treat acute ischaemia (myocardial infarction), the studies that investigated infarct 
protection by TMLR may have limited clinical significance. This is supported by the 
difference in pathology between the rapid myocyte death that leads to myocardial 
infarction in acute ischaemia, and the slow and more dispersed myocardial pathology in 
chronic ischaemia. The third type of models are chronic ischaemic models, which are 
created by partial ligation and occlusion of a coronary artery over a period of up to 
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6 weeks. The resulting constant low-flow state causes the myocardium to go into a state 
of hibernation, comparable to clinical pathology. Here, myocardial adaptation to the 
constant low perfusion decreases local cardiac contraction [148,165,166]. Although 
some of these models have shown histology comparable to that observed in human 
hibernating myocardium, i.e. loss of contractile myofilaments and large areas of 
glycogen accumulation within otherwise viable cardiomyocytes [166], a major 
difference is the short developing time span of the pathology, i.e. at most several weeks 
rather than many years. Consequently, the myocardium in these models lacks the 
increased amounts of interstitial and scarring fibrosis which are observed in human 
chronic ischaemia. 

The Spontaneously Hypertensive Rat is the first animal model that does show these 
(ischaemic cardiomyopathy) changes in morphology, although with a different etiology. 
The pathological findings described in the three TMLR-eligible patients, i.e. increased 
fibrosis and compensatory hypertrophy of cardiomyocytes, were also observed in the 
SHR hearts (table 1). On a microscopic level, concentrations of connective and fibrotic 
tissue in the LV myocardium were higher in the SHR hearts than in the Wistar hearts, 
particularly in older (> 12 months) SHR. Moreover, in SIIR hearts fibrosis was most 
pronounced in the subendocardial regions of the myocardium (figure 1). This correlates 
with findings in patients with chronic myocardial ischaemia, which show similar 
locoregionally increased fibrosis. 

The morphologic tissue reaction to TMLR was similar in SHR and human 
myocardium (figure 2). presenting as comparable laser-dependent differences in shape 
and size of TMLR channel scars. Furthermore, the hypoxia staining method showed 
slightly higher amounts of stained myocardial cells in 9-11 months old SHR than in the 
Wistar control rats (figure 3). The overall limited amount of hypoxia staining under 
resting conditions correlates with the human situation where a large group of TMLR-
eligible patients does not have ischaemia under resting conditions. Only the most severe 
patients also experience ischaemia under resting conditions. 

In conclusion, we found that the myocardial pathology in Spontaneously 
Hypertensive Rats has many similarities to that observed in the 'typical' TMLR patient 
with ischaemic cardiomyopathy, i.e. fibrosis, compensatory hypertrophy of 
cardiomyocytes and hypoxia. Also, the observed myocardial reaction to TMLR was 
similar, i.e. comparable morphology of fibrotic TMLR channel scars. These similarities, 
combined with the fact that unlike the other chronic ischaemic animal models no 
intervention is needed to induce the pathology, make the Spontaneously Hypertensive 
Rat a useful model for TMLR research and for other types of animal research aimed at 
investigating intervention in chronic ischaemia. 

Appendix (pimonidazole staining protocol) 

Tissue sections were first wanned at 40° C for 20 min and subsequently dipped 10 times 
each (for 2 min) in Clear-Rite 3 {Richard-Allan Scientific, Kalamazoo, MI, USA), 100% 
ethanol, 95% aqueous ethanol, 80% aqueous ethanol, distilled water, deionised water 
containing 0.2%o Brij 35 (Acros Organics, Geel, Belgium) and finally in phosfate 

50 



SHR as a model for TMLR research 

buffered saline containing 0.2% Brij 35 (PBS-Brij). Tissue peroxidase was then 
quenched by applying 3% H202 in distilled water for 5 min. Antigen retrieval was 
performed for 40 min at 40° C using 0.01% pronase {Fisher Scientific, Suwanee, GA, 
USA). Sections were washed for 2 min in PBS-Brij at 0° C. To prevent non-specific 
binding, sections were incubated in 10% normal goat serum (Sigma Chemical Co., St. 
Louis, MO, USA) for 20 min. Sections were then incubated for 40 min with the primary 
antibody (Hypoxyprobe-1 MAbI, Natural Pharmacia International Inc., Belmont, MA, 
USA; diluted 1/50 in PBS-Brij containing 0.1% normal goat serum). This recognises the 
pimonidazole-protein adduct. Subsequently the sections were washed for 2 min in PBS-
Brij at 0° C. Thereafter, sections were incubated for 10 min in the secondary antibody, 
i.e. biotin-SP-conjugated rabbit anti-mouse IgG (Accurate Chemical Scientific 
Corporation, Westbury, NY, USA; diluted 1/500 in PBS-Brij containing 1% normal goat 
serum). After this, sections were washed for 2 min in PBS-Brij at 0° C, incubated for 
10 min in streptavidin peroxidase (Sigma Chemical Co., St. Louis, MO, USA; in PBS-
Brij containing 1% normal goat serum) and washed again for 2 min in PBS-Brij at 0° C. 
Finally, the sections were incubated in diaminobenzidine (Sigma Chemical Co., St. 
Louis, MO, USA) for 10 min, washed for 2 min in distilled water, incubated for 30 s in 
aqua haematoxylin for counterstaining, washed again for 2 min in distilled water, 
mounted and dried. 
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Chapter IV 
Abstract 

Access to the heart in laboratory rats is usually obtained through a median sternotomy or 
a lateral thoracotomy. An alternative, less traumatic approach to the in vivo rat heart 
with improved survival is described. 

The technique uses an upper median laparotomy extending alongside the xyphoid 
bone. The xyphoid bone is retracted in a rostral direction and a T-shaped cut is made in 
the diaphragm thus opening the thoracic cavity. Using a retractor the opening in the 
diaphragm is spread and the heart is exposed. 

We performed this abdominal approach in 23 anaesthetised and mechanically 
ventilated (for 2 hours) rats and found physiologic intra-operative heamodynamics, a 
good post-operative recovery and 0% mortality. 
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Introduction 

Severe coronary artery disease is an increasing problem in cardiac disease as a growing 
number of patients is refractory to conventional treatments (medication, percutaneous 
transluminal coronary angioplasty or coronary artery bypass grafting). Since 1984 an 
experimental treatment is under investigation for this group of patients. This technique, 
called transmyocardial laser revascularisation (TMLR) [167], uses laser-energy to create 
channels in ischaemic myocardium. It has been shown to reduce angina and improve 
myocardial perfusion in certain patients [151-153]. However, the underlying mechanism 
of these improvements is still controversial and unclear [168] (improved perfusion by 
laser-induced angiogenesis, decrease of pain sensation caused by the destruction of 
myocardial nerves or maybe a placebo effect from the operation). 

In the search for this working mechanism experimental research is conducted in 
several species, one of which is rats [49]. An important aspect of this research is the 
ability to assess myocardial oxygenation and perfusion in the beating heart (which are 
expected to improve after TMLR). A golden standard for the adequacy of tissue 
oxygenation is the mitochondrial energy state. This can be assessed (on a mitochondrial 
level) with an optical spectroscopy technique called NADH-fluorescence [169,170]. We 
planned to use this technique before and after laser treatment to investigate the effect of 
TMLR on oxygenation and perfusion. However, to perform measurements with this 
technique a combination of good access (enough to place a camera with a diameter of 
20 mm at a distance of 10 mm from the heart) during and adequate survival after the 
operation is essential. In our experience a lateral thoracotomy as well as a median 
sternotomy does not provide sufficient access to perform these measurements. These 
techniques are also associated with a high operative mortality [49,171]. Guided by these 
limitations we developed an alternative surgical approach that we describe here. This 
technique uses a standard median laparotomy and a T-shaped cut in the diaphragm to 
gain access to the rat heart. 

Materials and methods 

Preparation and anaesthesia 
In the protocol, which was approved by the Animal Experimental Committee of the 
University of Amsterdam, 6 months old female and 8 months old male Spontaneously 
Hypertensive Rats with a weight of approximately 250 (females) / 450 (males) g were 
used. All animals were allowed free access to water and standard rat food and were kept 
in a temperature controlled environment using a standard light-dark cycle. 

Anaesthesia was started using isoflurane (4%), 02 (1 1/min) and N20 (1 1/min) 
through a nosecap. When sufficiently sedated the animals were intubated for mechanical 
ventilation. Placement of the tube was checked using respiratoiy C02 measurements 
from a capnograph (Viridia 24, Hewlett Packard, Germany). When a respiratory 
C02-curve appeared correct placement of the tube in the trachea was assumed. 
Mechanical ventilation using a pressure regulated ventilator (Zoovent, Triumph 
Technical Services LTD, UK) was started with 10 cm H20 airway pressure at a 
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respiratory frequency of 45 /min. Anaesthesia was then maintained with a combination 
of Isoflurane (2-3%), 02 (1 1/min) and N20 (1 1/min). Airway pressure and respiratory 
frequency were regulated to keep end-tidal carbondioxide (ETCCK) values between 
24 and 28 mm Hg. Repeated measurements of arterial blood gas samples during surgery 
of the first 4 rats showed that this corresponded with an arterial C02 pressure of 
35-40 mm Hg. Continuous intravenous infusion of Hartmann solution (wanned to body 
temperature) at 3 ml/hour was given in the dorsal tail vein to correct for fluid and blood 
loss during the operation. Although sterile conditions were observed, 0.5 ml/kg 
Dcpomycine" (200.000 LE procaine-penicillin-G + 200 mg dihydrostreptomicin /ml) 
was injected subcutancously before the start of the operation to minimise the risk of 
post-operative infections. To assure adequate analgesia, 1.7 ml/kg Temgesic 
(buprenorfine 0.3 mg/ml subcutaneous) was also injected before the start of the 
operation. After shaving the thorax and upper part of the abdomen the rat was placed in 
a supine position. A gauze (0.5-1 cm thick) was placed under the thorax to push the 
heart upwards after which the animal was secured onto the operating table with adhesive 
tape. Body temperature was controlled using a heating matrass and guided by 
continuous rectal temperature measurement. 

Surgical procedure 
An upper median laparotomy was performed, 3 cm in length and alongside the typical 
round shaped xyphoid process, carefully avoiding harm to the internal mammarian 
arteries that run alongside the xyphoid. Accidental damage to these arteries causes major 
bleeding which can result in death. A suture (2-0 vicryl) was wrapped twice around the 
base of the xyphoid process and used for rostral retraction and lifting of the thorax. The 
abdomen was further opened and the liver and diaphragm were exposed using a self-
retaining retractor to keep the skin and abdominal muscles open. 

After the falciform ligament was cut to detach the liver from the diaphragm, a 
T-shaped cut was made in the diaphragm leaving the central tendinous pan intact 
(figure 1). With the thoracic cavity opened, the airway pressure was increased (to 
-11.5 cm H20) and the respiratory frequency was decreased (to ~ 35 /min). A double-
sided pneumothorax was created for better exposure of the heart. This was done by 
cutting the pleura parietalis of both lungs during temporary hypo-inflation (to avoid 
harm to the pleura visceralis). The thin pericardium was then opened and due to the 
flexible structure of the thorax the heart could be exposed by pulling the xyphoid suture 
further upward and towards the head of the rat. This resulted in an opening in the 
thoracic cavity through which the heart could be exposed (figure 2). Depending on the 
extent of the incision in the diaphragm an opening of 1.5 cm vertically by 2.5 cm 
horizontally can easily by created. Because of the abdominal route of access the apex 
and the right ventricle are accessible without any manipulation. The heart can also easily 
be rotated to the left to gain access to the left ventricular wall and the left anterior 
descending artery. When carefully executed this does not have any lasting negative 
effects on blood gas parameters. 

Following the surgical procedure described above, the heart was rotated to the left 
and gently fixated to minimise motion artefacts after which laser channels were created 
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Figure 1. Schematic drawing of the operation field just before opening the diaphragm. The dark T-shaped line 
indicates the cut made in the diaphragm to gain access to the thoracic cavity. The liver has not been drawn for a clear 
view. 
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Figure 2. Schematic drawing of the operation field after opening the diaphragm and removing the pericardium. An 
opening is created with minimal disruption of the tissue. The liver has not been drawn for a clear view. 

51 



Chapter IV 
in the apex and the left ventricular wall of the hearts of 15 animals. The maximal 
'fixation time' of the heart was approximately 10 seconds. Channels were considered to 
be completely transmyocardial when blood spurted from the epicardial surface. To 
assure quick closure of the channels by a blood cloth, mild pressure was applied to the 
epicardial opening of the channel until bleeding stopped. After creating the last channel, 
a minimum period of 5 min was waited after the channels had stopped bleeding to 
assure that the heart was 'dry' before the thorax was closed. In 6 rats (group 1) a C02 

laser was used {Coherent1' 5000 C ultrapulsed laser, Coherent Inc; Santa Clara, CA, 
USA; 100 W, 10 ms continuous wave, 200 urn beam diameter). Channel numbers in 
these animals ranged from 2 to 6 per heart. In the other 9 rats (group 2), 2 channels per 
heart were made with a Ho:YAG laser (CardioGenesis NLSX-6, CardioGenesis 
Corporation, Sunnyvale, CA, USA: 300 urn fibre diameter. 2 pulses, 1 J/pulse). For 
comparison within the study, a control group of 3 animals (group 3) received a sham 
operation where no laser channels were created. In this group the thoracic cavity was 
left open for ten minutes, which was the estimated time required for the laser procedure. 
In all animals the diaphragm was closed using continuous sutures (5-0 vicryl). First, the 
horizontal leg of the T-shaped cut was closed. Just before (partly) closing the vertical 
leg, the breathing pressure was increased to 20 cm H20 for a short period to assure 
proper and adequate expansion of the lungs, which was confirmed visually. The rest of 
the diaphragm was then closed leaving a small opening of 2-3 mm towards the abdomen 
in the top of the vertical leg of the T-shapcd cut. This opening acted as a one-way valve 
allowing residual air in the thorax to leak towards the abdomen but not allowing air 
from the abdomen back into the thoracic cavity. This 'valve' makes the use of post
operative thoracic drains unnecessary. Finally the xyphoid suture was released and the 
xyphoid was repositioned in its original place after which the abdominal muscles and 
the skin were closed continuously in two layers using respectively a resorbable suture 
(4-0 vicryl) and a non-resorbable suture (4-0 ethicon). 

To investigate the effects of the surgical procedure on blood gas and haemodynamic 
parameters we also performed a sham operation in 5 male Wistar rats weighing around 
400 g (group 4). For this experiment we chose this type of rat to be able to compare the 
results with a report on haemodynamic parameters measured during a thoracotomy in 
Wistar rats [172]. In this group we sedated and intubated the animals as described 
above. Before performing the sham operation (similar to group 3) the right carotid artery 
was cannulated with a polyethylene tube for arterial blood gas analysis and monitoring 
of the mean arterial blood pressure (MAP). Per animal a total of 11 arterial blood gas 
samples of 200 ul heparinised blood per sample were taken from the carotid artery at 
(t = time): t = -10 min (after cannulation of the carotid artery but before the start of the 
surgery), t = 0 min (immediately after opening of the diaphragm), t = 1 min (after 
opening of the pericardium), t = 5 min, t = 10 min (after which closing of the diaphragm 
was started), t = 15 min, t = 20 min (after closing the diaphragm), t = 35 min (after 
closing the abdomen), t = 50 min, t = 65 min and t = 80 min. Arterial blood gas (pa02, 
paC02 and saturation (s02)), pH, haemoglobin (Hb), haematocrit (Hct), potassium and 
sodium were analysed using an arterial blood gas analyser and an oxymeter (Arterial 
Blood Gas Laboratory Radiometer 505 and OSM 3, Radiometer, Copenhagen, 
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Damnark). The MAP was measured using a pressure module on the Hewlett Packard 
Viridia described above. Immediately after taking the last sample (# 11), the animals in 
this group were sacrificed. 

Post-operative care 
Post-operative care of groups 1-3 consisted of 100% oxygen through a nosecap until the 
animals were sufficiently awake, and analgesia during the first 64 hours. This was 
accomplished by administration 1.0 ml/kg Temgesic8 8 hours post-operatively and 
0.5 ml/kg Finadyne" (flunixinum 5 mg/ml intramuscular) 16 hours and 40 hours post
operatively. To prevent the rats from eating the sutures and the wound edges (they felt 
no pain due to the analgesia) a wound spray was applied to the wound once a day during 
the first 3 days post-operative. This spray has a bad taste that makes the rats stay away 
from the wound. 

The animals treated with the CO? laser and the control animals were sacrificed after 
3 days and the animals treated with the Ho:YAG laser were sacrificed after 14 days. 

Results 

All 18 Spontaneously Hypertensive Rats of groups 1, 2 and 3 survived the surgical 
procedure as well as the post-operative period (until they were sacrificed). Although 
there was some variation between the animals in recovering from the anaesthesia, all 
animals were awake and walking around at 4-5 hours after the operation. They all 
showed good recovery and quickly (within 24 hours) returned to normal behaviour 
(eating, drinking, washing). At sacrifice, macroscopic inspection of the abdomen and 
thorax of the 2-day survival group showed no pathological changes compared to the 
intra-operative observations. The cut in the diaphragm had healed well and the central 
opening ('valve') was closed in all animals. Inside the thoracic cavity no major 
bleedings were seen. The lungs were well inflated and of a normal pink colour 
(comparable with the situation before manipulation inside the thorax). The macroscopic 
findings in the 14 day survival group were almost identical to the 3 day survival group. 
However, in the former group it was observed that the median lobe of the liver showed 
some adhesion to the sutured part of the diaphragm and to the xyphoid. Attempts to 
detach the liver from the diaphragm resulted in major damage to the liver. In later 
experiments we found that this adhesion can be prevented by placing part of the greater 
omentum between the median lobe of the liver and the diaphragm. This also resulted in 
adhesions (between the omentum and the liver / diaphragm) but these could very easily 
be detached without damage to the liver. 

All animals in group 4 survived the surgical procedure until sacrifice. Sodium and 
potassium concentrations did not change throughout the procedure. Operative values 
remained in physiologic range and did not differ from baseline at any point during the 
procedure. The Hb and Hct gradually decreased during the course of the procedure. This 
decrease in Hb and Hct (respectively from 13.7 ± 0.3 g/dl and 42.2 ± 0.9 % at baseline 
to 11.6 ± 0.2 g/dl and 35.6 ± 0.5% after eleven samples) was most likely due to the 
repeated blood sampling. The mean arterial blood pressure (MAP) during the operation 
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is shown in figure 3. In all animals there was a small increase at the moment of opening 
the diaphragm. After this initial increase the MAP decreased and stabilised at a 
physiologic level after 5 min. Throughout the rest of the experiments the pressure 
remained stable around 75 mmHg. The pa02 and s02 followed a similar pattern during 
the procedure. Both remained stable and did not drop below normal physiologic levels. 
The paC>2 was higher than 170 mmHg during the entire procedure and the s02 did not 
come below 99%. Measurements of paC02 and pH are depicted in figure 4. As seen in 
this figure the paC02 curve was mirrored by the curve produced by the pH 
measurements. The initial drop in paC02 at the point of opening the diaphragm (t = 0) 
was reflected in the ETC02 values. After adjusting the breathing pressure and 
respiratory frequency to normalise the ETC02 values, the paC02 increased slowly and 
after closing the diaphragm (t = 20 min) stayed stable for the remainder of the 
procedure. The pH followed the opposite track, the initial increase was deflected quickly 
to a decrease and then stabilised after closing the diaphragm. In spite of the fluctuations, 
both the paC02 and the pH values remained in a physiologic range during the course of 
the procedure. 

Discussion 

Open-heart surgery performed on laboratory rats is usually performed using a lateral 
thoracotomy or a median sternotomy. As in human cardiac surgery, the lateral 
thoracotomy uses an incision in the left side of the thorax between the ribs. A retractor is 
placed in the opening, the ribs are spread and the left lung is pushed aside to gain access 
to the heart. With a sternotomy the thorax is opened by cutting the sternum in the middle 
and spreading the two edges to gain access to the heart. For use in acute experiments 
(where no survival at the end of the operation is planned) these techniques are very 
useful. However, in survival experiments the disruption and destruction of tissue that is 
caused by these techniques is quite dramatic and may result in poor post-operative 
recovery of the animal. In our search for a different surgical approach we looked for a 
combination of good access without major disruption of tissue and optimal survival. The 
idea to use an abdominal approach without cutting the sternum or the intercostal 
muscles came from the observation of surgical techniques used in human cardiac 
surgery where the heart is sometimes accessed without major disruption of thoracic 
tissue. For instance, a technique called Sauerbruch uses an incision just caudal of the 
xyphoid to reach the pericardial space without opening the diaphragm. Other techniques 
use combinations of thoracic and abdominal approaches to perform cardiac surgery. In 
Coronary Artery Bypass Grafting a laparotomy with a median sternotomy is performed 
if the gastro-epiploic artery is used as an arterial graft [173]. 

One of the major advantages that makes the abdominal approach useful in the rat is 
the flexibility of the ribs and sternum which makes it possible to pull them towards the 
head and upwards without braking any bony structures. In contrast to the situation with 
a thoracotomy or a sternotomy this makes it possible to keep the thoracic anatomy fairly 
intact without causing respiratory problems. The functional breathing unit is only 
disrupted by the cut in the diaphragm which heals very quickly after the operation. 
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Figure 3. Mean arterial pressure measurements at baseline and during the proeedure. Data are mean ± SEM 
(n = 5). After an initial increase at the moment of opening the diaphragm the MAP decreased and stabilised at a 
physiologic level after jive minutes. Throughout the rest of the experiments the pressure remained stable around 
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Figure 4. pH and arterial pC02 (paC02) measurements at baseline and during the procedure. Data are mean ±SEM 
(n = 5). The p„CO: curve was mirrored by the curve produced by the pH measurements. The initial drop in pXO? at 
opening of the diaphragm increased slowly after adjustment of the breathing pressure and frequency and after closing the 
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increase was deflected quickly to a decrease and then stabilised after closing the diaphragm, do = diaphragm opened, 
dc = diaphragm closed, ac = abdomen closed. 
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Our results demonstrate a 100 % survival rate in a series of eighteen survival 

experiments and an excellent exposure of the rat heart in vivo with this surgical 
technique. The haemodynamic measurements on five Wistar rats show that during the 
entire course of the abdominal surgical approach heamodynamics are within a 
physiological range. After closing the abdomen mechanical ventilation and anaesthesia 
was extended for a period of 45 minutes which showed that a quick recovery and 
stabilisation is achieved after the surgical procedure. We assume that the decrease in Hb 
and Hct found in this group was caused by the repeated sampling of arterial blood and 
did most likely not occur in the survival experiments where no samples were taken. The 
fast recovery and absence of post-operative pulmonary and cardiac pathology (apart 
from the effect of the laser) indicates that this is a useful technique which can be applied 
without major complications. Compared to the thoracotomy (limited access, good 
survival) and the sternotomy (good access, limited survival), the abdominal approach 
described here combines the advantages of both conventional techniques (good access, 
good survival), without having to deal with the disadvantages such as major disruption 
of tissue and high mortality. Although the total operating time for the procedure itself is 
substantially longer (approximately 25 min) than for a lateral thoracotomy, the results of 
group 4 show that this has no negative effects on heamodynamics when compared to 
heamodynamics during a thoracotomy [172]. 

In conclusion, this technique provided us with an excellent access to the in vivo rat 
heart. We could easily create multiple laser channels in the rat heart in vivo. Therefore, 
we conclude that the laparotomic approach is a safe and simple alternative technique to 
expose the in vivo rat heart with a high survival that can be used for cardiac research in 
general and TMLR research in particular. 
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Chapter V 
Abstract 

Angiogenesis leading to improved myocardial perfusion is one of the hypothesised 
working mechanisms underlying the clinical improvement observed after TMLR. 

We investigated the angiogenic effect of C02, Ho:YSGG and XeCl excimer TMLR 
in a rat model with characteristics of chronic myocardial ischaemia. Two channels (of 
200 to 320 urn) were created per heart and animals were sacrificed after 14 days. 
Number of vessels and vessel densities (both in- and excluding capillaries) in laser scars 
were assessed. Furthermore, extension of vascular growth outside the channel scars was 
assessed. 

At the used laser settings, Ho:YSGG TMLR resulted in the largest scars, followed by 
C02 and excimer scars. Although the vessel numbers including capillaries in the scars 
differed between the three lasers, when they were correlated to the size of the laser scars 
(i.e. capillary densities), these differences disappeared (~ 130 vessels / mm in all 
3 groups). However, capillary densities were much lower than in control areas (~ 2100 
vessels / mm2). Vessel densities excluding capillaries were significantly higher in 
Ho:YSGG and C02 scars compared to excimer scars (10.2 ± 4.8 and 7.1 ± 5.2, vs. 
2.3 ± 4.4 respectively, p < 0.05), while only Ho:YSGG scars contained significantly 
more large vessels (diameter > 20 urn) than control areas (10.2 ± 4.8 vs. 4.6 ± 1.3. 
p < 0.001). Only rarely, extension of vascular growth into adjacent myocardium was 
observed in any of the three groups. 

These results indicate that the angiogenic response following TMLR is limited to the 
channel scar and related to the scar size rather than the specific laser type. Therefore, 
any beneficial effect of TMLR-induced angiogenesis is expected to occur only in the 
presence of relatively large scars, which can however be created with any of the three 
laser types by varying their specific settings. 
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Introduction 

TMLR is an experimental technique used for the treatment of severe refractory angina 
pectoris. Three different laser types (C02, Ho:YAG and XeCl excimer) are used to 
create transmyocardial channels in ischaemic but viable myocardium. Although 
significant clinical improvement has been shown in randomised clinical trials [151-155], 
the working mechanism underlying this improvement is still not entirely clear. Two 
major hypotheses are under investigation: Improved perfusion due to laser-induced 
angiogenesis [109] and laser-induced denervation leading to a decrease in anginal pain 
[137]. 

In the past years, extensive experimental TMLR research has been performed (see 
chapter II). An important aspect here is the use of an appropriate animal model which 
resembles the human pathology present in patients treated with TMLR. All currently 
used animal models in TMLR research lack some of the pathologic features of 
ischaemic cardiomyopathy observed in the typical TMLR patient (i.e. increased 
interstitial and scarring fibrosis, compensatory hypertrophy and subendocardial 
infarction). The biological response to TMLR is expected to be different between 
normal (healthy) and pathologically altered (i.e. fibrotic) myocardium, especially when 
investigating the hypothesis that TMLR induces angiogenesis. In the study presented 
here, we compared the angiogenic response after C02, Ho:YSGG (wavelength 
2.09 jim, similar to the 2.12 urn of the clinically used Ho:YAG) and XeCl excimer laser 
TMLR, using the Spontaneously Hypertensive Rat, an animal model that displays the 
typical morphologic changes found in human long-standing myocardial ischaemia (see 
chapter III of this thesis). 

Materials and Methods 

In the protocol, which was approved by the Animal Experimental Committee of the 
University of Amsterdam, a total of 54 male Spontaneously Hypertensive Rats were 
used. All animals were allowed free access to water and standard rat food and were kept 
in a temperature controlled environment using a standard light-dark cycle. 

Surgical procedure 
Anaesthesia was induced using Isoflurane (4%), 0 2 (1 1/min) and N20 (1 1/min) through 
a nosecap. When sufficiently sedated the animals were intubated and mechanically 
ventilated using a pressure regulated ventilator (Zoovent, Triumph Technical Services 
LTD, Netherfield, UK). Mechanical ventilation was started with 10 cm H20 airway 
pressure at a respiratoiy frequency of 45/min. Airway pressure and respiratory 
frequency were regulated to keep end-tidal carbon dioxide (ETC02) values measured 
with a capnograph (Viridia 24, Hewlett Packard, Boeblingen, Germany) between 24 and 
28 mm Hg. After intubation, anaesthesia was maintained with a combination of 
Isoflurane (2-3%), 0 2 (1 1/min) and N20 (1 1/min). Continuous intravenous infusion of 
Hartmann solution (warmed to body temperature) at 3 ml/hour was given in the dorsal 
tail vein to correct for fluid and blood loss during the operation. Body temperature was 
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controlled using a heating mattress and guided by continuous rectal temperature 
measurement. To assure adequate analgesia during surgery. 0.35 ml/kg Temgesic* 
(buprenorfmc 0.3 mg/ml intravenously) was also administered before the start of the 
operation. The heart was exposed with a new surgical technique, using an upper median 
laparotomy and a T-shaped incision in the diaphragm (described in chapter IV of this 
thesis). Following this surgical procedure, animals were assigned to one of four different 
groups. In groups 1 to 3. 2 laser channels per heart were created in the left ventricular 
wall using either a C02 laser (n = 15), a Ho:YSGG laser (n = 13) or a XeCl excimer 
laser (n = 13). Channels were considered to be completely transmyocardial when blood 
spurted from the epicardial surface. To assure quick closure of the channels by a blood 
cloth, mild pressure was applied to the epicardial opening of the channel with a cotton 
swab until bleeding had stopped. After creating the second channel, a minimum period 
of 5 min was waited after the channels had stopped bleeding, before the thorax was 
closed. In group 4 the heart was exposed without performing TMLR (sham, n = 13). In 
this group the thoracic cavity was left open for 10 min, which was the average time 
between opening and closing of the diaphragm in the treatment groups, and in this 
period the heart was slightly manipulated. In all animals the diaphragm was closed using 
continuous sutures (5-0 vicryl) after which the abdominal wall and the skin were closed 
continuously in two layers using a resorbable suture (4-0 vicryl). Post-operative care 
consisted of 100% oxygen through a nose cap until the animals were sufficiently awake. 

Laser settings 
The settings of the three used laser types were scaled from the human settings for the 
use in rat hearts. The aim was to apply the same irradiance levels as in the clinical 
applications while using smaller fibre / beam diameters. 

The clinically used high-power C02 laser (The Heart Laser, PLC Medical Systems 
Inc., Franklin, MA, USA, wavelength (X) = 10.6 um) creates transmyocardial channels 
in one single pulse. With a power of 1000 W, a pulse duration of 25-60 ms, a pulse 
energy of approximately 25-60 J and a 1 mm spot size, this results in a radiant exposure 
of 32-76 J/mnr. In the experiments we used a Coherent 5000 C ultrapulsed C02 laser 
(Coherent Inc., Santa Clara, CA, USA). The emitted light was focussed to a 200 u.m 
beam diameter and the laser was set at 100 W for 10 ms (radiant exposure 32 J/mm), 
which was sufficient to create a transmyocardial channel in one single pulse. 

One of the clinically used Ho:YAG lasers (TMR 2000, CardioGenesis Corp.. 
Sunnyvale, CA, USA\ X = 2.12 urn) operates with a power of 7 W, a pulse duration of 
200 us, a pulse energy of 1.4 J (at a repetition rate of 5 Hz) and a 1.1 mm diameter fibre 
which results in an irradiance of 7.4 W/mm2. For the experiments we used a Ho:YSGG 
laser (1-2-3, Schwarz Electro-Optics Inc., Orlando. FL, USA: X = 2.09 um) in 
combination with a 320 urn diameter fibre. The wavelengths of the Ho:YAG laser and 
the Ho:YSGG are almost identical, i.e. 2.12 and 2.09 um respectively, and have 
virtually identical water absorption coefficients. The pulse duration of the Ho:YSGG 
laser is identical to that of the TMR 2000 and in order to obtain the same irradiance 
(7.4 W/mm2) with the smaller fibre the average power was scaled and set at 0.6 W 
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(0.12 J/pulse at 5 Hz). As in the clinical application, approximately 10 pulses per 
channel were required to completely penetrate the myocardium. 

One of the excimer lasers that has been used for clinical TMLR is the MAX-20 XeCl 
excimer laser (Medolas, Munich, Germany; X = 308 nm). This laser delivers a pulse 
energy (pulse duration 110 ns) of 40 mJ to the tissue through a 1 mm diameter fibre 
(embedded in a steel tip with an outer diameter of 1.3 mm). In combination with an 
ECG-triggering device the number of pulses per cardiac cycle is maximised at 5, 
resulting in an average power of 0.2 W and an average irradiance of 0.26 W/mm". For 
the experiments we used an almost identical XeCl excimer laser, the MAX-10 {Medolas, 
Munich, Germany; X = 308 nm) in combination with a 200 urn fibre which is normally 
used in excimer laser glaucoma surgery (Lago 200, Glautec AG, Numberg, Germany). 
The end of the fibre is embedded in a steel tip with an outer diameter of 500 um. The 
fibre itself has an oblique tip which has an approximately 20% larger surface than a flat 
tipped 200 um fibre. To obtain an identical irradiance (0.26 W/mm2) with this small 
fibre the average power was scaled to 0.2 W and the energy/pulse was set at 2 mJ. 

Histology 
All animals were sacrificed after 14 days with an intraperitoneal injection of 2 ml 
Nembutal* (60 mg/ml natriumpentobarbital, Sanofi Santé BV, Maassluis, The 
Netherlands). After taking out the heart, the basal part was cut off at the level of the 
atrioventricular valves (to allow formaldehyde to penetrate from both the epicardial and 
endocardial side). The remaining (mid-apical) section of the heart, which contained the 
TMLR channels, was rinsed with NaCl 0.9% and placed entirely in 3.8% formaldehyde. 
After dehydration for at least 48 hours the hearts were cut parallel to the septum 
approximately in the middle of the left ventricle, separating the right ventricular wall 
(including the septum) from the left ventricular free wall. The section of the left 
ventricular free wall that included the TMLR treated area, was then embedded in 
paraffin and sectioned at 5 um. To assess both the vascular density as well as the 
extension of possible growth of new vessels into myocardium surrounding the TMLR 
channels, sectioning was aimed to be perpendicular to the channel direction. 

To assess the total number of vessels (including capillaries), staining of the 
endothelial cd31 antigen (PECAM-1) was performed. This staining was chosen since it 
has been reported to provide good discrimination of vessels (including small vessels 
with cross sectional surface areas < 25 urn") in paraffin sections of rat tissue [174]. 

CdSl staining protocol 
Sections were deparaffinised in three stages of xylene and hydrated in a series of graded 
ethanols. Endogenous peroxidase activity was blocked with 0.3% LLOo for 20 min after 
which the sections were rinsed in de-ionised (Dl) H2O. Heat-induced epitope retrieval 
(HIER) was performed by placing the sections in a TRIS-EDTA solution (10 mmol 
TRIS, I mmol EDTA, pH ~ 9) and cooking them for 10 min in a pressure cooker. 
Sections were then allowed to cool down and rinsed with phosphate buffered saline 
(PBS). Normal human AB serum {Central Laboratory for Blood Transfusion, 
Amsterdam, The Netherlands; #K 1146; dilution 1:10) was applied and incubated for 
15 min at room temp (RT). Sections were then incubated overnight with the primary 
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antibody, i.e. goat anti-cd31 {Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA; 
# SC-1506; dilution 1:2000). Sections were rinsed in PBS and incubated for 40 min at 
RT with rabbit anti-goat IgG (Vector Laboratories, Burlingame, CA, USA; # BA5000; 
dilution 1:200). Sections were again rinsed in PBS and incubated for 40 min at RT with 
HRP conjugated streptavidin ABC complex (Dako, G/ostrup, Denmark; # K377; 1:200). 
Sections were then rinsed in PBS after which stable diamono-benzidine (DAB; Sigma, 
Sfeinheim, Germany; # D5637) was applied and incubated for 10 min at RT. Sections 
were rinsed in DI H20 after which haematoxylin counterstaining was performed for 
10 s. Finally, sections were dehydrated in ethanol, cleared in xylene, mounted and dried. 

Vascular density assessment 
Prior to analysis, all sections of treatment groups 1 to 3 were viewed under light 
microscopy. If no laser scars could be identified in the sectioned part of the 
myocardium, animals were excluded from analysis. If at least one TMLR channel scar 
could be identified, animals were included in analysis. Using the cd31 stained sections 
we assessed the number of vessels, both including and excluding capillaries, inside the 
TMLR channel scars and related them to the scar size, as well as the extension of 
vessels larger than capillaries around the TMLR channel scars. 

Vessel counting methods 
When staining contrast was sufficient, vessels including capillaries were counted with a 
microscope TV-system, consisting of an Axioplan microscope (Zeiss, Oberkochen, 
Germany) equipped with a 20 x plan apochromat objective with a numerical aperture of 
0.60. Images were recorded by a XC-77-CE charged couple device (CCD) black and 
white camera with a CCD-cell size of 11 x 11 urn (Sony, Koln, Germany). The section 
was moved with an automatic scanning stage (Marzhauser, Wetzlar, Germany) with a 
step size of 0.25 u.m, and an autofocus device (Zeiss, Oberkochen, Germany) operating 
on the TV-signal took care of the focussing (step size 0.025 urn). The specimen was 
illuminated with a stabilised halogen light source, and filtered with a monochrome filter 
at the wavelength of the maximum absorption of the cd31 stain, (X = 420 ± 10 nm). 
Images of 512 x 512 picture elements were digitised with an S2200 video board (Data 
Cell Ltd. and Active Si/icon Ltd, Berks, UK) in 8 bit grey value resolution. The pixel-to-
pixel distance at the specimen level was 0.54 um. Image processing was performed on a 
Sparc 10 model 30 workstation (Sun Microsystems Inc., Mountain View, CA, USA) 
originally running under the operating system UNIX (SunOS, Sun Microsystems Inc., 
Mountain View, CA, USA) with a colour monitor at a spatial resolution of 1152 x 900 in 
8 bit. The UNIX operating system was converted to a PC version which was used in this 
study. The automatic microvessel counter was developed and evaluated within the 
Pathology Image Processing Environment software which is based on the multi-level 
interactive image processing environment SCIL Image version 1.3 (Dutch Vision 
Systems BV, Breda, The Netherlands), which allows storage of image data as well as 
numerical data resulting from measurements in combined databases. Validation of the 
automated counting setup was performed using extensive comparisons with 
(conventional) manual counting. Further details of the system have been described 
elsewhere [175,176]. 
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If sufficient contrast in the cd31 staining was present, the automated system could be 
used for the vessel counting. If not, the number of vessels was counted manually using 
light microscopy according to a standardised counting method [175]. 

Vessels inside laser scars 
In rat myocardial tissue, cross sectional surface areas of vessels have been reported to be 
approximately 25 urn" for capillaries. Diameters are ~ 6 um for capillaries and > 20 um 
for larger vessels such as arterioles, arteries, venules and veins [177,178]. We assessed 
the following parameters in the laser scars: a) diameter and surface area of the fibrotic 
scar, b) number of vessels in the laser scar with a surface area > 20 urn" (automated 
counting) or a diameter > 6 um (manual counting), thus including capillaries, c) number 
of vessels in the laser scar with a diameter > 20 urn (all counted manually), thus 
excluding capillaries and d) diameter of the largest vessel in the laser scar. 

The surface area of each scar was measured with the above described system. Using 
a microscope image displayed on the monitor, the outline of the scar was marked 
manually, after which the system calculated the size of the outlined area. 

For each laser scar the number of vessels in the scar and the scar surface area were 
calculated into a vessel density (i.e. number of vessels divided by the scar surface area 
in mm"). These vessel densities were compared between the three laser groups for the 
assessments including capillaries as well as excluding capillaries. 

The vessel densities were furthermore compared with control areas in both the 
TMLR- treated hearts (area remote from scar) as well as in control hearts of the sham 
group. For optimal comparability of the control vessel counts including capillaries, areas 
were selected where the myocardial muscle fibres had been cross-sectioned. 

Extension of vascular growth around the laser scars 
For assessment of the extension of TMLR related vessel growth around the channel 
scars, vessels with a diameter > 20 urn were counted (excluding capillaries). Cd31 
stained vessels considered to be related to the laser scar were (manually) assessed using 
light microscopy for number and size (diameter). Laser scar related vessels were defined 
as i) vessels directly connecting to the laser scar or ii) vessels that were present in a 
transition zone around the TMLR scar. In this transition zone myocardium was more 
randomly organised with a lower capillary density than in the surrounding myocardium. 

Statistics 
The vessel densities in the scars and in control areas were compared between the groups 
using one-way analysis of variance, and within groups using 2-tailed paired /-tests. 
Results are presented as mean ± standard deviation. 

Results 

Table 1 shows the operative results and laser scar identification. Three SHR died within 
24 hours after TMLR and were excluded from analysis. Furthermore, in 3 SHR no 
channel remnants could be identified in the sectioned part of the myocardium. These 
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were also ex 
two channels 

eluded, leaving a total of 48 SHR for 
could be identified, which 

analysis. In 11 SHR, on 
resulted in positive identification 

78) of all TMLR channels that were created in surviving animals. 

Group 

(() 
Ho:YSGG 

XeCl excimer 
Sham 

Operated Died No scar 
identified* 

15 2 2 
13 0 0 
13 0 1 
13 1 

Used for 
analysis* 

11 
13 
12 
12 

1 Scar # Scars analysed 
identified* (created) t 

4 18(26) 
3 23(26) 
4 20(26) 

-

iy one of the 
of 78% (61 / 

% scars 
identified + 

69% 
88% 
77% 

-
Table 1. Operative results and laser scar identification. * number of animals: # = number: t = in surviving animals. 

Vessels inside laser scars 
For the vessel counts inside the scars, 18 C02, 23 Ho:YSGG and 20 XeCl excimer laser 
scars were analysed. Automated counting could be performed in 13 of the 18 C02 and 
18 of the 23 Ho:YSGG scars. The vessels in the remaining laser scars of the three 
groups were counted manually because the contrast in the stained sections was 
insufficient for the automated counting setup. Table 2 shows the average scar diameters 
and (surface area) sizes for the different lasers as well as the vessel counts including 
capillaries. The Ho:YSGG scars were the largest both in diameter and size, followed by 
the C02 and excimer cars. Furthermore, the number of vessels inside the laser scars was 
highest in the Ho:YSGG group, followed by the C02 and excimer groups. However, 
vessel densities were not significantly different between the 3 groups. Vessel densities 
(including capillaries) in control areas were not different between the 4 groups, however 
they were 16 to 18 times higher than the vessel densities in TMLR channel scars. 

Group 

C02 

Ho:YSGG 
XeCl excimer 

Sham 

n 

18 
23 
20 

-

Scar 
0 

(mm) 

0.3210.13 
0.69 ± 0.22 
0.16 ± 0.06 

-

Scar 
area 

(mm2) 

0.57 i 0.31 
0.79 + 0.44 
0.16 + 0.08 

-

\ 
Inside scar 
(# / scar) 

77 ±54 
97 ±66 
20 ± 7 

-

essel counts includ 
Scar vessel den 

ng capillaries 
sit\ 

(# vessels / mm:) 

136 ±29 
121 ±28 
131 ±22 

-

Control density 
(# vessels / mm2) 

2148 ± 142 
2208± 80 
2118 ± 160 
2067 = 2(10 

Table 2. Results of laser scar measurements and vessel counts including capillaries. No differences in vessel densities 
were present between the 3 treatment groups. However, vessel densities in scars were significantly lower than in control 
areas. 0 = short axis diameter: # = number; n = number of analysed TMLR channel scars: area = cross sectional surface 
area. 

Counting results of vessels with a diameter of > 20 urn (i.e. excluding capillaries) are 
presented in table 3. Ho:YSGG scars contained both the most and the largest vessels, 
followed by the C02 and excimer scars. 

Group 

CO^ 
Ho:YSGG 

XeCl excimer 
Sham 

n 

18 
23 
2d 

-

Vesse 
Inside scar 

(# / scar) 

3.7 ±3.4 
7.4 ±4.0 
0.4 ±0.8 

-

s counts excluding cap 
Scar vessel densitv 
(#vessels/ mm2) 

7.1 ±5 .2* 
10.2±4.8 *f 
2.3 ±4.4 

-

Maries 
Cc 

(# 
ntrol density 
vessels / mm2) 

4.6 ± 1.4 
4.6 ± 1.3 
4.5 ± 1.1 
4.5 ± 1.3 

0 largest vessel 
(um) in each scar 

(mean ± SD / range) 
39 ±23 */ 15- 125 
47 ±25 * 1 15- 100 
15 + 10 / 7-50 

-
Table 3. Results of vessel counting excluding capillaries (i.e. diameter > 20 um). CO? and flo.YSGG scars displayed 
significantly higher vessel densities compared to excimer scars. * p < 0.05 vs. excimer: t P < 0.001 vs. control area (next 
column): 0 = short axis diameter: # - number; n = number of analysed TMLR channel scars. 
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Extension of vascular growth around the laser scars 
CO2 laser scars 
The average (short axis) CO2 scar diameter was 1.6 times larger than the original beam 
diameter. In general, extension of fibrotic tissue into the surrounding myocardium was 
more pronounced than with the Ho:YSGG scars, although there was no transition zone. 
CO2 scars displayed three morphologically different patterns, both with respect to the 
form and the number of vessels in the scars. Figure 1 shows examples of three different 
types that were observed. The first and most observed type (13 of the 18 laser scars) 
consisted of fibrotic tissue containing relatively few vessels which were mainly located 
adjacent to the surrounding myocardium (figure 1A). The second type (2 of the 18 laser 
scars) consisted of numerous thin-walled vascular-like structures which were distributed 
diffusely throughout the scar (figure IB). The third observed type (3 of the 18 laser 
scars) consisted of a concentric oriented fibrotic core containing few vessels, and 
fibrotic extensions of the scar into the surrounding myocardium with a much higher 
vascular density (figure 1C). For all scar types, extension of vessels with a diameter 
> 20 urn into the myocardium surrounding the scars was not observed. 

,', •''. • v . '. 9 ''• ' -

•'I - ' ' -•"-'') • ' • 
, 'v ' i ". ; 

' '• i I'. 

-... ' - V • (' 

A -.500^ B 500^ C / -' • -300^ 

Figure 1. Different types of cd31 stained Cü2 laser scars. A and B: two laser scars observed in the same heart with 
completely different morphology and number of vessels in the scar. The open spaces seen in scar B were lined with cdil 
stained endothelium. C: laser scar consisting of a concentric oriented centre of fibrotic tissue (with few vessels) and 
peripheral extension where the vessel density is much higher, (.1 = micrometer. For this figure in colour see page 148. 

Ho: YSGG laser scars 
Figure 2 shows an example of a Ho:YSGG scar. The average scar diameter was 2.2 
times larger than the original fibre diameter. The scars created with this laser were fairly 
constant in morphology (in contrast to the C02 scars) and presented as large round shaped 
fibrotic areas. A transition zone (with an average thickness of-110 um) was present 
around the scars (see figure 2B). In this zone, the myocardium was more randomly 
organised and the capillary density was lower than the (apparently) unaffected myocardium 
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Figure 2. Cd31 stained Ho:YSGG laser scar. A: Jibrotic scar with vessels (one indicated by arrow), mainly in the 
periphery of the scar (original magnification x 40); B: close up of A. The single-headed arrow indicates the same vessel 
indicated in A. The two-headed arrow indicates a transition zone (here 200 pm in width) with decreased capillary density 
and random orientation of myocardium. The small circles indicate examples of cd31-stained capillaries (original 
magnification x 100); u = micrometer. For this figure in colour see page 148. 

surrounding the zone, where the capillary density was virtually identical to that of the 
remote areas. Lateral penetration of fibrotic tissue from the scar was most observed 
when the analysed scar lay in cross-sectioned myocardium. However, even then the 
penetration did not extend far outside the transition zone. Most of the vessels observed 
inside the channel scars were thin-walled, especially the large ones. Small vessels were 
mainly located in the periphery of the scar (see figure 2A), while larger vessels were 
more randomly dispersed in the scar area. Extension of vessels with a diameter > 20 um 
into the myocardium surrounding the scars was negligible, with only 1 out of a total of 
171 counted vessels showing extension (not shown in figure 2). 

XeCl excimer laser scars 
Average excimer scar diameter was 0.8 times the original fibre diameter and 0.32 times 
the outer diameter of the steel tip. Excimer laser scars had a very 
consistent morphologic pattern with a diffuse distribution of vessels 
throughout the scar. Figure 3 shows an example. As indicated above, 
the average channel scar size was much smaller than that created 
with the other two laser types and very few vessels with a diameter 
> 20 um were found inside the scars. No transition zone could be 
observed around the scars and there was no evidence of TMLR-
related vessel growth into adjacent myocardium. 

Figure 3. Example of a cd31 stained XeCl excimer laser scar. Vessels found inside these 
scars were relatively small. Only very rarely a larger vessel (diameter > 20 pm) was present. 
No extension of vascular growth into the surrounding myocardium was observed'. 
u = micrometer. For this figure in colour see page 149. 
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Discussion 

Angiogenesis leading to improved myocardial perfusion is one of the hypotheses for the 
mechanism underlying the observed clinical improvement after TMLR. Increased 
vascular density in and sometimes around the laser scars has been found in experimental 
studies (extensively described in chapter II), and it has been suggested that this increase 
in vascular density after TMLR is a non-specific response to injury [50]. 

To our best knowledge, the study presented here is the second to compare the three 
clinically used laser types. In the first study, extensive angiogenesis was observed 
around Ho:YAG and C02 laser scars but not around excimer laser scars [111]. Although 
the authors claimed that this was due to a laser specific effect, they did not correlate the 
vascular response to the size of the laser scars, as was done in our study. Furthermore, 
although in that study a chronic ischaemic animal model was used, this model lacked the 
increased myocardial fibrosis observed in (TMLR) patients with chronic ischacmia, 
which may affect the angiogenic response of tissue to TMLR. 

Our results indicate that the vascular response induced by TMLR is not specific for 
the used laser. Although the vessel counts including capillaries differed between the 
three laser groups, these differences disappeared when they were correlated to the size 
of the scars using the vessel density (see table 2). This indicates that there is no 
wavelength-specific effect when it comes to the vascular response induced by TMLR. 
Rather, the degree of angiogenesis following TMLR is related to the size of the injury 
and the (laser) scar formation following the healing response. As mentioned, this was 
especially clear for the vascular response including capillaries. The density of larger 
vessels (i.e. with a diameter > 20 urn) in the scars was different for the three laser 
groups, both in absolute numbers as well as in the vessel density (see table 3). Although 
this might be seen as a laser-specific response, it is more likely that scar size is again the 
most important determining factor, since the largest vessels in the scars (both in size as 
well as in number) were observed in the largest scars, i.e. those created with the 
Ho:YSGG laser. It seems logical that a small scar (such as created with the excimer 
laser in this study) is unlikely to contain vessels which are close to the size of the scar 
itself. We therefore hypothesise that when the excimer laser parameters are changed to 
produce an injury comparable in size to that induced by Ho:YSGG TMLR, this will 
result in a similar number of large intra-scar vessels. 

The comparison of vascular densities inside the laser scars with control areas 
revealed contrasting results between small (i.e. including capillaries) and large vessels 
(i.e. with a diameter > 20 urn). In the assessment including capillaries, vessel densities 
in the laser scars were less than 10% of densities in control areas, indicating a minimal 
contribution to an increase in perfusion. However, even when the capillary density 
would have been larger in the channel scars than in the surrounding myocardium, it 
seems doubtful that this could significantly contribute to an increase in perfusion. 
Increased perfusion requires the growth of larger vessels which are more likely capable 
of increasing the blood supply to an ischaemic region. Interestingly, the density of larger 
vessels was higher in the large laser scars, compared to the control areas. However, as 
previously stated in chapter II, extension of the vascular response to myocardium 
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adjacent to the laser scar seems to be of crucial importance for an increased perfusion in 
the ischaemic myocardium. In the chronic ischaemic animal model used in this study, 
we observed negligible extension of vascular growth into the myocardium surrounding 
the laser scars. This indicates that although a higher density of large vessels was 
observed, their potential contribution to an increased perfusion seems to be limited to 
the laser scars. Even though vessels in scars which are located at the edges of the 
ischaemic area may, in theory, form connections with the normally functioning native 
circulation, the functionality of these connections would not extend beyond these laser 
scars. 

Although they are unlikely to connect to native vessels, theoretically, the increased 
density of large vessels inside the laser scars may facilitate a redistribution of blood 
between the endocardium and epicardium in patients with predominantly endocardial 
ischaemia. If angiogenesis indeed plays a role in the clinical improvement following 
TMLR, this redistribution-theory may explain (in part) why results of percutaneous 
myocardial revascularisation (PMR) [179] have been less convincing than those of 
TMLR. In PMR, the channels are created endocardially and do not penetrate completely 
into the epicardium, making the hypothesised epi-endocardial redistribution less 
effective. 

In conclusion, our observations suggest that the vascular response following TMLR 
in a morphologic model of chronic ischaemia is limited to the fibrotic laser scar, limiting 
the potential for increased perfusion. Furthermore, the extent of the vascular response is 
more likely related to the size of the scar than to a wavelength-specific effect. Therefore, 
we hypothesise that any beneficial effect of TMLR-induccd vascular growth can only 
occur with relatively large laser scars, which can however be created with any of the 
three laser types by varying their specific settings. 
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Chapter VI . 
Abstract 

Since its first clinical application in 1981. many reports have described the use of 
transmyocardial laser revascularisation (TMLR) as a treatment for refractory angina 
pectoris. In the current paper both uncontrolled and controlled stand-alone TMLR 
studies (using C02 , Ho:YAG and XeCl excimer lasers) that have been published are 
reviewed. 

For uncontrolled TMLR, a total of 698 C02, 210 Ho:YAG and 34 XeCl patients have 
been described. Overall, angina decreased from class 3.2 ± 0.5 to 2.2 ± 0.9 after C02 

TMLR, 3.7 ± 0.3 to 2.0 ± 0.7 after Ho:YAG TMLR and 3.5 ± 0.5 to 1.7 ± 0.5 after XeCl 
excimer TMLR. Mortality was 16% after C02 TMLR, 13% after Ho:YAG TMLR and 
6% after XeCl excimer TMLR. 

In 5 randomised TMLR trials (3 C02, 2 Ho:YAG), angina decreased > 2 classes in 
25-72% of C02 treated patients and in 61-76% of Ho:YAG treated patients (all 
significant compared to medication). One-year mortality was 12-19% after C02 and 
5-6% after Ho:YAG TMLR (no differences compared to medication). 

In conclusion, all studies with the three clinically used lasers demonstrate relief of 
angina in the majority of patients, combined with a low peri-operative mortality. 
Therefore, after a proper selection of patients, TMLR can be performed safely and 
effectively and should be the treatment of choice in selected patients. 
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Introduction 

Transmyocardial laser revascularisation (TMLR) is a treatment option for refractory 
angina pectoris. Three different laser types are currently in clinical use: A high power 
C02 laser (wavelength 10.6 urn), a Ho:YAG laser (2.12 urn) and a XeCl excimer laser 
(308 nm). Significant clinical improvement has been shown in randomised clinical trials 
using C02 or Ho:YAG lasers. Currently, no randomised trials have been published on 
excimer TMLR (but for chapters IX-A and B as published in this thesis). However, 
clinical improvement has been demonstrated after XeCl excimer TMLR in several 
uncontrolled studies [149,180,181]. In this review, both the uncontrolled and controlled 
clinical literature on TMLR is described and discussed, with a focus on its effect on 
refractory angina and peri-operative and 12 month mortality. 

Methods 

The literature was searched as described in chapter II. As we aim to give a clinical 
overview of TMLR, we have only considered reports on stand-alone TMLR and we 
have discarded studies on TMLR as an adjunct to coronary artery bypass grafting 
(CABG) or studies were results of stand-alone TMLR and TMLR as an adjunct to 
CABG were lumped together and could not be separated (as was, unfortunately, done in 
an international registry of 932 patients [182]). In the literature, methods to describe the 
effect of TMLR on angina are diverse. Both the classification of the Canadian 
Cardiovascular Society (CCS) and the New York Heart Association (NYHA) are used. 
Unless stated otherwise, this report considers CCS functional angina classes. 
Furthermore, some colleagues report on the change in mean angina class, some on the 
number or percentage of patients that are classified in one (or two) angina classes at 
baseline and follow up (for instance: 93% of the patients were in class III or IV at 
baseline), some only give the number or percentage of patients with a decrease of angina 
of > 2 classes and / or > 1 class, and others give only graphs or figures. To enable 
comparison of the various reports with respect to angina, we calculated the mean angina 
class at baseline and follow up for each study. If results were given for two classes 
[183], we assumed an even distribution over the classes. If the sum of the surviving and 
non-surviving patients at follow up is lower than the number of patients at baseline, 
patients did not yet reach follow up at the time of the report or were lost to follow up. 
Numbers for the latter two are not reported separately in this review. For overall 
calculations we disregarded reports where the mean angina class or mortality could not 
be derived. Furthermore, we disregarded results of earlier reports of groups that later, 
individually or as a multi-centre study, reported on a larger number of patients with a 
longer follow up, assuming that the later report included patients of the earlier report(s). 
Overall results are calculated by considering the weighted results of each study. 
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Uncontrolled TM LR studies 

C02 TMLR 
TMLR was pioneered by Mirosheini and colleagues, who first used clinical C02 TMLR 
as an adjunct to CABG in areas that could not be revascularised by grafts [47]. 
Following this report, Okada and colleagues reported the first successful clinical stand
alone C02 TMLR procedure in 1986 [81]. Then, in 1990, a higher power C02 laser 
(Heart Laser, PLC Medical Systems, Franklin, MA, USA) became available, and made it 
possible to perform TMLR on the beating heart. Since then, more than 15 reports have 
been published on uncontrolled stand-alone C02 TMLR (as well as 3 randomised 
clinical trials comparing C02 TMLR with maximal medication). In an attempt to assess 
the overall results on anginal relief and mortality of published uncontrolled studies on 
stand-alone TMLR we considered all patients of these reports [183-190] and disregarded 
reports according to the criteria described in the methods section [191-198]. Overall, for 
a total of 698 stand-alone C02 TMLR patients anginal status has been described in 
uncontrolled studies. Of these 698 patients, 349 patients had a follow up of 12 months. 
Angina decreased from class 3.2 ± 0.5 at baseline to 2.2 ± 0.9 at 12 months follow up. 
Overall, peri-operative mortality was reported for 568 patients of which 59 died (10.4%) 
and mortality at 12 months was 16.3 % (114 out of 698 patients). 

For one uncontrolled trial, long-term follow up to 7.2 years after C02 TMLR has 
been reported (Horvath and colleagues [147]). Because of its importance, this study is 
discussed separately. From the original 195 patients that were included in a Phase II and 
III USA FDA trial, 82 had died (41 in the first year, overall mortality 42%), 
33 underwent an additional revascularisation procedure (16 in the first year, overall 
17%) and 2 (1%) were lost to follow up. The remaining 78 patients, who received their 
TMLR procedure 5 years earlier, had baseline angina class 3.7 ± 0.4 and at 12 months 
follow up this was 1.5 ± 1.1. Furthermore, 60 patients (77%) showed > 2 angina classes 
relief and 69 patients (89%) > 1 angina class. At an average of 5 years follow up, these 
numbers were 1.6 ± 1.1, 53 patients (68%) and 71 patients (91%) respectively. 

Results of the randomised clinical C02 laser trials are discussed below in a separate 
paragraph. 

Ho:YAG TMLR 
The Ho:YAG laser is the second most used laser (after the C02 laser) for TMLR. 
Dowling and colleagues assessed the efficacy of Ho:YAG TMLR (TMR 2000, Eclipse 
Surgical Technologies, Sunnyvale, CA, USA) to relieve refractory angina in 85 patients. 
Symptomatic improvement was excellent, with angina class improving from 4.0 ± 0 at 
baseline to 2.3 ± 0.7 at 3 months follow up. At 1 month follow up 10 patients had died 
(mortality of 12%) [199]. Milano and colleagues [200] performed Ho:YAG TMLR in 
16 patients using the same laser and settings as Dowling and colleagues. Angina 
decreased from 3.4 ± 0.5 at baseline to 1.8 ± 0.7 at 12 months follow up. Two patients 
died during follow up (mortality of 13%). 

De Carlo and colleagues [201] have assessed Ho:YAG TMLR efficacy in 34 patients 
using the same laser and settings as Dowling and colleagues, and included the 

80 



Review clinical TMLR 

16 patients described earlier by Milano and colleagues. Angina decreased from class 
3.6 ± 0.5 at baseline to 1.8 ± 0.8 at 12 months follow up. Five out of 34 patients had 
died at 12 months follow up (mortality 15%). 

Sundt and colleagues reported on two groups of patients treated with a different 
Ho:YAG laser (NSLX-6, CadioGenesis Corp., Sunnyvale, CA, USA). One series 
included 49 patients who received Ho:YAG TMLR at one of 10 sites in the United 
States or Europe. Data at 3 months were available for only 24 patients, all of whom had 
class III or IV angina at baseline (assumed mean angina class 3.5 ± 0.5). Given the 
reported decrease in angina, this was approximately class 1.7 ± 0.7 both at 3 and 
6 months follow up (n = 14). There were 3 peri-operative deaths in this series (mortality 
of 6%) [202]. Another series, which included 19 patients, showed similar results with a 
decrease in angina from class 3.5 ± 0.5 at baseline to 1.9 ± 1.0 in 17 patients with a 
completed 12 months follow up [203]. Mortality was not reported for this series. 

Diegeler and colleagues applied stand-alone Ho:YAG TMLR using the same laser 
and settings as Sundt and colleagues and created 26 ± 6 channels/patient in 16 patients 
[204]. Unfortunately, part of the results are given for a group of patients that includes 
results of patients treated by TMLR as an adjunct to CABG (e.g the reported follow up 
is for 23 patients instead of 16). As a result, only limited data were available for stand
alone Ho:YAG TMLR. 

Finally, Schneider and colleagues [205] reported long-term follow up in 14 patients, 
probably the same 14 that were earlier described by Diegeler [204]. After an initial 
significant decrease of angina from 3.5 ± 0.5 at baseline to 1.6 ± 0.7 and 1.7 ± 0.5 at 
12 and 18 months respectively, angina was slightly increased at 2 and 3 years follow up, 
to 2.4 ± 1.0 and 2.5 ± 1.2 respectively (non significant relief of angina compared to 
baseline). 

Overall, disregarding early results of the groups of Milano and De Carlo [200] and of 
Diegeler and Schneider [204], a total of 201 Ho:YAG TMLR patients have been 
described in uncontrolled studies. Of these 201 patients, 108 patients had a mean follow 
up of 8 ± 4 months and angina decreased from class 3.7 ± 0.3 at baseline to 2.0 ± 0.7 at 
follow up. Overall mortality was 23 out of 182 patients (13%) at follow up (Sundt and 
colleagues did not report on mortality in ref [202]). 

Results of the two randomised clinical trials are discussed below in a separate 
paragraph. 

XeCl excimer TMLR 
The first XeCL excimer TMLR treatments were performed as adjuncts to CABG. 
Krabatsch and colleagues reported on 19 patients [206], Morgan and Campanella 
followed with a report on 30 patients [207] and Klein and colleagues with results in 
98 patients [149]. Besides their experience with XeCl excimer TMLR as an adjunct to 
CABG, Klein and colleagues also assessed the efficacy of stand alone XeCl excimer 
TMLR in 12 patients [149]. They used a 1 mm diameter fibre in combination with a 
(non-ECG-triggered) Medolas MAX-20 XeCl excimer laser {Medolas, Munich, 
Germany) at 40 mJ/pulse and a repetition frequency of 40 Hz. A mean of 
33 channels/patient were created in ~ 110 pulses/channel. Overall, angina reduced from 
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3.7 at baseline (n = 12) to 1.5 (n = 11) and 2.3 (n = 8) at 3 months and 12 months follow 
up respectively (for NYHA functional class these results were 3.1. 1.8 and 2.6 
respectively). None of the 12 patients died during follow up. 

Lee and colleagues [180] performed XeCl excimer TMLR in 15 patients, and they 
assessed its effect on angina. Furthermore, myocardial perfusion scintigraphy (thallium 
SPECT), exercise tolerance testing and 24-hour ECG monitoring were assessed. A 
600 um diameter fibre was used in combination with a (non-ECG-triggered) XeCl 
excimer laser at 9 mJ/pulse, a pulse duration of 40 ns and a repetition frequency of 240 
Hz (Acculase Inc., San Diego, CA, USA). During TMLR 41 ± 16 channels were created 
per patient (range 2 4 - 6 1 channels). Two patients had died at 12 months follow up 
(mortality of 13%) and one patient was lost to follow up. In the remaining 12 patients 
angina reduced from class 3.5 ± 0.5 to 1.8 ± 0.8 at 12 months follow up. Nitroglycerin 
requirements were significantly decreased and exercise tolerance was non-sinificantly 
increased by 22% at 12 months follow up. 24-Hour ECG monitoring showed no increase 
of arrhythmias over baseline values. No results were given with regard to an effect of 
TMLR on myocardial perfusion. 

In 7 patients, Kavanagh and colleagues [181] assessed the efficacy of XeCl excimer 
TMLR (using the same laser and settings as Lee and colleagues). During TMLR 
69 ± 5 channels were created per patient (range 56 - 90 channels). Angina decreased 
from pre-operative class III to class I in 6 patients and to class II in the one remaining 
patient at 12 months follow up. Overall, exercise time increased with 63% at 6 months 
follow7 up (only 2 measurements available at 12 months follow up) and perfusion as 
assessed with myocardial perfusion scintigraphy (rest thallium-201 and stress 
tcchnctium-99m sestamibi SPECT) showed increased perfusion at 12 months follow up. 
However, changes in perfusion were discordant with the clinical results: The highest 
increase in perfusion was found in the patient with the least clinical benefit (class II at 
12 months follow up) and two other patients showed a decreased perfusion whilst their 
angina was decreased by 2 classes at 12 months follow up. 

Overall, a total of 34 XeCl excimer TMLR patients have been described in 
uncontrolled studies. Angina decreased from class 3.5 ± 0.5 at baseline to 1.7 ± 0.5 at a 
mean follow up of 9 ± 4 months (n = 30) and 1.8 ± 0.5 at 12 months follow up (n = 27). 
At 12 months follow up, overall mortality was 6% (2 out of 33 patients). 

All uncontrolled studies on excimer TMLR conclude that excimer TMLR is well 
tolerated, safe and effective in relieving angina. 

Randomised clinical trials using a CO2 or Ho:YAG laser 

The first randomised (multi-centre) trial was reported by March [208], followed by a 
(single-centre) randomised trial by Schofield and colleagues [154]. These studies, using 
the high power CO2 laser manufactured by PLC Medical Systems (Heart Laser, PLC 
Medical Systems, Franklin, MA, USA) were followed by the first (multi-centre) 
randomised trial using a Ho:YAG laser (NSLX-6, CardioGenesis Corp., Sunnyvale, CA, 
USA) by Burkhoff and colleagues [152]. Frazier and colleagues [153] then published 
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results of a randomised trial on a cohort that was also described by March [208]. The 
second (multi-centre) randomised trial using a Ho:YAG laser (TMR 2000, Eclipse 
Surgical Technologies, Sunnyvale, CA, USA) was published by Allen and colleagues 
[151] and was followed by a third (single-centre) randomised trial using the PLC CO2 
laser by Aaberge and colleagues [155]. Finally, Spertus and colleagues [209] published 
the quality of life results of the patients described by Frazier and colleagues [153]. Table 
1 shows the 12 months results of the randomised clinical trials. Overall, angina 
decreased > 2 classes in 25-76% of the TMLR patients (25-72% in the C02 trials and 
61-76% in the Ho:YAG trials, all significant compared to medication) and > 1 angina 
class in at least 63% of the TMLR patients. One year mortality was 5-16% in the TMLR 
groups (12-19% for C02, 5-6% for Ho:YAG) vs. 4-21% in the medication groups 
(4-18% for C02, 2-10% for Ho:YAG) (no differences). Total 1-year mortality in the 5 
studies was 10% (63 out of 650 patients) after TMLR (including crossover patients) 
versus 7% (26 out of 370 patients) receiving continued medication (of a total of 930 
patients included in the studies). Three out of 5 studies reported on quality of life (QOL) 
and all 3 showed a significant improvement [151-153]. Furthermore, three studies 
showed a significant increase in exercise tolerance [151-153] and only one study a 
significant increase in myocardial perfusion [153]. Overall, in 4 of the randomised 
studies TMLR was recommended [151-153,155] and in one study TMLR was not 
advocated because of a (not-significantly) higher mortality in the TMLR group [154]. 
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Table 1. Results of the five published randomised studies. * p < 0.001 compared to control; t p < 0.01 compared to 
control; + p < 0.05 compared to control; # number; $ = results are mean ± standard deviation or range (median); §§ the 
NYHA classification was used in the study by Aaberge. the other 4 studies used the CCS classification; a = results of the 
36-item Medical Outcome Study Short Form (MOS-SF36); b = results of the Duke Activity Status Index using a 58 point 
scale: MET = metabolic equivalents (test not performed at baseline); c = percentage of patients with improved perfusion 
Med = medication; n = number of patients: n.p. = not performed: n.r. = not reported; n.s. = not specified; pt(s) = patient(s). 
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Discussion 

CO2, Ho:YAG and excimer TMLR results in formation of channels with a particular 
shape and diameter and with varying degrees of myocardial thermal and mechanical 
damage (see chapter II). However, whatever the working mechanism of TMLR may be, 
differences in laser-tissue interaction seem to translate into only small differences in 
therapeutic efficacy, if any, since in all randomised CO2 or Ho:YAG laser trials [151-
155,208,209] and in uncontrolled excimer laser studies [149,180.181] TMLR was 
effective in relieving angina. Furthermore, in all studies that assessed QOL an 
improvement was demonstrated. Schneider and colleagues recently reported for a 
limited number of patients (n = 14) that at 2 and 3 year after Ho:YAG TMLR the earlier 
reduction of angina did not sustain [205]. However, the study with the longest follow up 
(5 years) demonstrated that in patients treated by C02 TMLR a reduction of anginal pain 
(and an improvement in quality of life) can be maintained for many years [147]. 

Four out of 5 randomised trials [151-153,155,208,209] conclude that TMLR results 
in a relief of angina, especially in patients with class IV angina (see discussion of 
chapter IX-A). The studies by March, Frazier and colleagues and Spertus and 
colleagues, that all more or less describe the same cohort of patients [153,208,209], and 
that by Allen and colleagues [151], included crossover for patients who failed medical 
therapy. The crossover rates were 32% and 60% respectively. We consider the design 
with crossover an important drawback of these studies. On the other hand, the choice of 
Allen and colleagues to exclusively include patients with class IV angina has increased 
the value of this study. It is noteworthy that in all five randomised studies, the patient 
groups that received TMLR directly after randomisation had a peri-operative mortality 
of 1-5%, while the crossover patients, initially randomised to medical therapy, had a 
peri-operative mortality of 9%. When combining the results of the controlled / 
randomised studies with those of the uncontrolled reports, overall mortality up to 
12 months follow up was 16% (159 out of 989 patients) after C02 TMLR, 8% (38 out of 
451 patients) after Ho:YAG TMLR, 6% (2 out of 33) after XcCl excimer TMLR and 
14% (199 out of 1473 patients) for the three lasers combined (i.e. all reported TMLR 
patients). 

Only one report of a randomised clinical trial has refrained from concluding that 
TMLR should be used in a selected group of patients. This study, by Schofield and 
colleagues [154], is the second published controlled trial comparing the efficacy of 
TMLR with medical management and therefore it is of great value and had a high 
impact. However, in our opinion the authors' conclusion that "the adoptation of TMLR 
cannot be advocated" is not warranted for several reasons. First, the negative conclusion 
is based on a non-significant difference (p = 0.14) in one year survival between the 
TMLR and medical-management group (89% vs. 96%). One year survival in the TMLR 
group (consisting mainly of patients with a history of coronary artery bypass grafting) 
was however comparable with one year survival (86%) after elective re-operation for 
coronary bypass surgery in similar patients [210]. Therefore, in our opinion the reported 
survival after TMLR is acceptable. Furthermore, angina score decreased by > 2 classes 
in 25% of TMLR and 4% of medical-management patients at one year (p < 0.001). 
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Although this is lower than in the other randomised trials, it is interesting to note that 
compared to the other trials relatively few patients (25 out of 94 patients or 27% in both 
groups) had class IV angina at baseline. As a result, clinical efficacy, defined as a 
decrease in angina of > 2 classes, a priori could be expected to be low. Detailed analysis 
of the publication shows a decrease of > 1 class in at least 66% of the TMLR patients 
and only in 9% of medical-management patients at 3 months. We would like to 
emphasise that these results are excellent considering the fact that these patients had 
predominantly class HI angina, were severely ill with inoperable coronary artery disease 
and probably had a poor quality of life. Second, in our opinion improved quality of life 
is the most important goal of treatment in these patients. Although Schofield and 
colleagues mention that quality of life was investigated, unfortunately the outcome of 
this endpoint has (still) not been not reported. Quality of life was also assessed in other 
randomised trials discussed above and in all these trials it was significantly better after 
TMLR than medical management. In conclusion, the interesting data presented by 
Schofield and colleagues show a significant relief of angina in patients, while mortality 
was not significantly increased by TMLR. Therefore, in our opinion no negative 
conclusions on effectiveness of TMLR can be drawn from these results. 

Conclusion 

In conclusion, all studies with the three clinically used lasers demonstrate that TMLR 
results in relief of angina (and improvement of quality of life) in the majority of patients. 
Improved perfusion has been demonstrated in only 1 out of 5 randomised clinical trials 
and in only a few uncontrolled studies. Consequently, TMLR seems to be a primarily 
symptomatic treatment. However, the label 'experimental' that many clinicians still use 
for C02 and Ho:YAG TMLR does not do justice to the outcome of the randomised 
trials. After a proper selection of patients, TMLR can be performed safely and 
effectively with a low peri-operative mortality and morbidity and a high success rate 
that can sustain for a period of years [147]. Given these results, the conclusion is 
warranted that C02 and Ho:YAG TMLR should be the treatment of choice in selected 
patients. 
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Chapter Vil 
Abstract 

We present for the first time histologic findings three months after clinical 
transmyocardial laser revascularisation using a XeCl excimer laser. 

In the treated myocardium, no patent channels were found but scars were seen with a 
linear distribution and in continuity with circumscribed small fibrotic endocardial and 
epicardial scars. The scars were highly vascularised by new vessels, ranging from small 
capillaries to large thin walled, and sometimes branching ectatic vessels. Sprouting of 
vessels into the adjacent myocardium was also observed. 

These results suggest that angiogenesis might play a role in the clinical improvement 
after TMLR. 
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Introduction 

Transmyocardial laser revascularisation (TMLR) is an experimental technique used to 
treat patients with severe angina pectoris refractory to conventional therapies such as 
coronary angioplasty or bypass surgery. In ischaemic but viable myocardium 
transmyocardial channels with a 1 mm diameter are created using laser light. Three 
different types of lasers are clinically used: A high power C02 laser, a Ho:YAG laser 
and a XeCl excimer laser. Although the treatment has been under investigation for 
almost two decades, significant clinical improvement has only recently been shown in 
randomised clinical trials [151-155]. However, to date uncertainty and discussion 
prevails about the underlying working mechanism of this improvement. Post-mortem 
histology could contribute to gaining insight in this mechanism. So far, only post
mortem histology of human myocardium treated with a C02 laser has been reported. 
Our aims are (a) to present here the first case of human myocardium treated with a XeCl 
excimer laser, obtained from a patient who died three months after the intervention, and 
(b) to review the available clinical histology and compare it with our findings. 

Patient history 

The patient was an 81 year old man whose cardiac history included coronary artery 
bypass surgery (CABG) in 1973 and 1984, followed by 7 percutaneous transluminal 
coronary angioplasties (PTCA), both in native vessels and in grafts, between 1984 and 
1993. All these treatments were without long lasting improvement of anginal symptoms. 
In 1993 he suffered an anterior wall infarction after which he was admitted to the 
hospital several times for unstable angina. At referral to our hospital he presented with 
angina pectoris functional class IV/IV (New York Heart Association classification) 
under maximal tolerable medication, caused by severe three vessel disease considered 
untreatable with re-CABG or re-PTCA. The left ventricular ejection fraction was 45% 
and myocardial perfusion scintigraphy (Tc-MiBi-SPECT) showed reversible ischaemia 
in the anteroseptal and anterolateral region with corresponding hypokinesia on stress 
echocardiography. With these findings, the patient was considered eligible for stand
alone TMLR and he was included in a TMLR pilot study in our hospital. 

Under general anaesthesia, a left lateral thoracotomy was performed and 
50 transmyocardial laser channels were created in the ischaemic anterolateral region of 
the left ventricular wall. Approximately 1 transmyocardial channel per cm2 was created 
with a XeCl excimer laser {Medolas Max-20, Munich, Germany) at 308 nm. A catheter 
was used with a tip diameter of 1 mm. An ECG-trigger device, developed at our 
hospital, was used in conjunction with the laser. This device operates a shutter that is 
positioned in the laser beam, just before the beam is coupled into the fibre. The laser 
was operated at 40 Hz and 40 mJ/pulse (pulse duration 110 ns). In combination with the 
trigger device on average 4 to 5 pulses were fired during each cardiac cycle. The fibre 
tip was advanced into the myocardium until perforation was confirmed by 
transesophageal echocardiography. Using these settings, the myocardium was perforated 
in an average of 3 to 4 triggered cardiac cycles. 
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Peri-operatively the patient was haemodynamically stable. There was a slight CK-

Mb elevation up to 71.1 ug/1 without signs of a localised myocardial infarction on ECG 
or echocardiography. He was discharged from the hospital 8 days after surgery but 
readmitted 4 days later with a severe pneumonia. Following a complicated post
operative period he died 88 days after TMLR due to respiratory insufficiency. During 
this period there had been no primary cardiac complications. Permission was obtained 
fora full autopsy. 

Pathology 

The heart was hypertrophied (heart weight 620 g) and showed moderate dilatation of 
both ventricles. Several pericardial adhesions were seen at the anterior left ventricular 
wall, which was also the site of TMLR. The remaining epicardium of the heart was 
remarkably free of adhesions. The TMLR area was marked with pins, the heart 
chambers were flushed with 4% formalin and fixed for a period of 1 week. Both 
ventricles were cross sectioned in 1 cm segments perpendicular to the long axis of the 
heart, which revealed patchy areas of fibrous scarring. From the area enclosed by the 
pins 18 transmural tissue blocks were taken for histology. Of all tissue blocks 5 urn 
serial sections were cut and at 100 urn intervals two sections were stained with 
haematoxylin & eosin (H&E) and elastin Van Gieson respectively. Adjacent serial 
sections of interesting H&E sections were mounted for immunohistochemistry and for a 
Perl stain to detect iron deposits. In a Streptavidin Biotin Complex method antibodies 
were applied for recognising endothelial cells (anti-Von Willebrand factor, anti-VWf, 
DAKO, dilution 1:500), macrophages (anti cd68, DAKO, dilution 1:400), T-lymphocytes 
(anti cd3, Becton & Dickinson, dilution 1:100), B-lymphocytes (anti cd79a, dilution 
1:50), smooth muscle cells (SMA-1, DAKO, dilution 1:400) and the proliferation 
associated nuclear antigen Ki67 (MIB-1, Dianova, dilution 1:100). 

On low power view, in all sections areas of fibrosis were noticed amidst hypertrophic 
myocardium. These areas were characterised by cellular connective tissue containing 
fibroblasts and foci of mononuclear cells (majority of cd68+ macrophages, cd3+ T-cells 
and a few clusters of cd79a+ B-cells). Moreover, areas with deposition of iron pigment 
were seen in macrophages and the interstitium, indicating previous haemorrhage. The 
connective tissue was highly vascularised by vessel structures, ranging from small 
capillaries to large thin walled and sometimes branching ectatic vessels lined with flat 
endothelium (anti-VWff) and a media consisting of 1-3 layers of smooth muscle cells 
(alpha-actin+) (figure 1). These ectatic vessels contained red blood cells and often 
extended into the adjacent hypertrophic myocardium. In between, we found scars with a 
linear distribution and in continuity with small, circumscribed fibrotic scars of the 
epicardium, which was otherwise composed of fat tissue. Circumscribed scars of similar 
size were also noticed at the endocardial surface. Interpreting these epi- and endocardial 
scars as highly suggestive for respectively the site of entrance and exit of laser light (see 
figure 2), six channel scars were identified. 
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Figure 1. High power view of large ectatic vessels (arrows, not all vessels indicated) in an area with scarring 
fibrosis and remnants of myocardium. Ami-alpha actin stain reactive with vascular smooth muscle cells. Original 
magnification x 125. 
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Figure 2. Example of a linear scar in continuity with the epicardium, showing large ectatic vessels in loosely 
arranged connective tissue, with sprouting of vessels (arrow) to adjacent myocardium. Anti-VWf antibody staining 
reactive with endothelial cells. Original magnification x 80. 

9] 



Chapter VII - -
Additionally, at three sites linear areas of vascularised connective tissue without obvious 
continuity with an epicardial or endocardial scar were found. These sites were also 
considered to be channel remnants. Patent channels were not observed, neither were 
connections present between large ectatic vessels and the endocardium. Ki67 staining 
was positive in a number of T-cells and macrophages, but was always negative in 
endothelial cells or smooth muscle cells of vessels. In addition to the cellular scar tissue 
described above, a few areas included dense sclerotic hypocellular connective tissue. 

Discussion 

To our best knowledge, we present in this paper for the first time post-mortem histology 
of a patient treated with XeCl excimer TMLR. Wc did not see any patent channels and 
our findings indicate that vessel growth may not only occur inside the remains of the 
channels but also extends into the surrounding myocardium. Until now, the clinical post
mortem literature on TMLR has only reported on C02 laser findings. These papers 
mainly discussed channel patency and few papers also reported on neovascularisation. 
No human post-mortem histology has been reported after Ho:YAG TMLR. However, 
experimental results of this (and other) laser(s) have been described in detail by 
Whittaker in a review on the fate of myocardial channels [105]. 

The primary goal of post-mortem histologic analysis should be to gain insight into 
the working mechanism underlying clinical improvement after TMLR. The most 
discussed and investigated hypotheses have been direct blood flow from the left 
ventricle into the myocardium through patent channels [46], denervation of the 
myocardium resulting in a reduced perception of anginal pain [137] and induction of 
angiogenesis leading to improved perfusion in the ischaemic area [109]. Other 
hypotheses include improved cardiac compliance [97], improved oxygenation of 
surviving myocardium by a redistribution of blood flow [120], or placebo. Given the 
findings in our patient and the fact that we could not assess denervation, we will focus 
on channel patency and neovascularisation. 

Of 50 created channels, only 9 (18%) could be identified at post-mortem 
investigation. None of these remnants showed any form of lumen or central passage 
which could have contributed to direct perfusion from the ventricular cavity into the 
myocardium. This finding is in accordance with clinical C02 laser reports showing non
patent channels [101-103,211]. In contrast, other clinical C02 laser reports claim patent 
channels in patients at a time span ranging from 2 hours to 4 years after TMLR [212-
215]. Results of human post-mortem histology have been described in 18 patients (not 
including the one described here). In 78% (14 patients) non-patent channels were 
reported after TMLR and in 22% (4 patients) patent channels were seen. Recently, in 5 
published randomised trials clinical improvement (defined as a decrease after 1 year of 
at least 2 angina classes) was found in 58% of a total of 402 patients that received stand 
alone TMLR. If channel patency is the mechanism underlying the clinical improvement, 
the percentage of patients having patent channels at post-mortem investigation is 
expected to be similar or higher than the percentage of patients showing clinical 
improvement. Since the percentage of patients with patent channels is much lower 
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(22%), it is unlikely that the clinical improvement is caused by (blood flow through) 
patent channels. Only 1 of the 18 patients died at the same time as the patient described 
in this paper. In that patient the investigators found multiple patent channels containing 
red blood cells and concluded that the channels were not only open but also functional. 
We do not think that this difference with our findings should be attributed to the 
different laser-myocardium interaction of the C02 and the excimer laser, given the fact 
that other C02 publications reported closed channels at both shorter and longer time 
spans after TMLR. 

The hypothesis of enhanced angiogenesis has gained interest during the last years. 
Neovascularisation in the zone surrounding the channels would improve perfusion in 
ischaemic myocardium and is thought to be induced by an increase in local growth 
factor production following the laser irradiation. This improvement can either be 
achieved through connections with native vessels of the surrounding 'healthy' 
myocardium or by way of redistributing the blood flow within the ischaemic area. The 
latter mechanism could be effective if the ischaemia is not completely transmural but 
predominantly epi- or endocardial. In the post-mortem investigation of the patient 
presented here, angiogenesis was seen in the fibrotic channel remnants and in the 
adjacent myocardium. It is likely that the original channels were completely filled with 
clots and that reorganisation of these clots as well as the thermally damaged tissue 
adjacent to the original channel resulted in scar formation and angiogenesis. Not all 
reports on human post-mortem histology have described the presence (or absence) of 
neovascularisation in the treated area. In 1 report on a patient 4 years after TMLR, 'an 
increase in the number of vessels in the laser area' was described without specifying the 
nature of these 'vessels' [212]. In this patient, patent channels were claimed to be found. 
In 4 papers that reported on non-patent channels, (neo)vascularisation was investigated 
[101-103,211]. Of the 14 patients described in these papers, 10 died 2-15 days after 
TMLR and, as might be expected after such a short time, no neovascularisation was 
seen. Two of the other 4 patients died at respectively 20 and 24 days after TMLR and 
the presence of mostly thin walled capillaries was described in the channel remnants. 
However, in these two patients these capillaries were not found outside the fibrotic 
channel remnants [101,211]. In hearts of the remaining 2 patients (one patient died 
5 months after TMLR and the other received a heart transplant 9 months after TMLR), 
formation of new vessels was found both inside and outside the fibrotic channel 
remnants. In the patient that died 5 months after TMLR 'occasionally a link between the 
capillary network in the laser created channels and the original small myocardial 
vessels' was found [102]. In the native heart that was explanted 9 months after TMLR 
'multiple vessels within the channel remnant and adjacent to the channel' were 
observed, with a positive cd31 and vWF antibody staining, demonstrating the presence 
of endothelial linings. Furthermore, capillary vascular density analysis on randomly 
chosen lased areas showed a mean vessel count that was 2.5 times higher than in non-
lased areas of the left and right ventricle [103]. Although we used an excimer laser and 
not a C02 laser, our result of sprouting of vessels to the myocardium adjacent to the 
channel remnant 88 days after TMLR, is in accordance with the findings in these last 
two patients. A pattern of abundant vascularisation including large ectatic vessels is also 
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observed in the healing phase of 'normal' myocardial infarction. It is likely that the 
multiple small infarctions made during TMLR and a 'normal' myocardial infarction 
follow the same cascade of events leading to sprouting of new vessels. Consequently, 
the angiogenic response found after TMLR is likely just part of a normal healing process 
following myocardial injury. However, in TMLR the injury has a predefined pattern, is 
controlled and smaller compared to a myocardial infarction. Thus, although injury is 
inflicted, the advantage of increased vascular density may be larger than the 
disadvantage of the myocardial destruction. 

In conclusion, the pathologic characteristics found in this patient indicate that clinical 
TMLR using an excimer laser causes damage that resembles the majority of post
mortem histology following clinical TMLR using a C02 laser: Scarring of the 
myocardium without any evidence of channel patency. The scars are highly vascularised 
with sprouting of vessels into surrounding myocardium, indicating induced 
angiogenesis. Perfusion through these new vessels might be the explanation for the 
excellent results five years after TMLR that have recently been reported [147]. 

94 



CHAPTER VIII 

CARDIAC DENERVATION AFTER CLINICAL 

TRANSMYOCARDIAL LASER REVASCULARISATION: 

SHORT AND LONG-TERM ,23I-MIBG SCINTIGRAPHIC 

EVIDENCE 

Johan F. Beek * 
Jos A.P. van der Sloot* 

Menno Huikeshoven 
Hein J. Verberne ; 

Berthe L.F. van Eck-Smit+ 

Jan van der Meulen § 

Jan G.P. Tijssen * 
Martin J.C. van Gemert * 

Raymond Tukkie * 

t 1 s 
Laser Centre, Department of Cardiology, ^"Department of Nuclear Medicine and s Department of Cardio-

Thoracic Surgery, Academic Medical Centre, University of Amsterdam 

Accepted for presentation at the 75th Scientific Sessions of the American Heart 
Association, 17-20 November 2002, Chicago, USA 

Submitted for publication 
(in modified form) 



Chapter VIII 
Abstract 

TMLR relieves severe refractory angina, and myocardial denervation has been 
suggested as a possible explanation. In 8 patients, Ho:YAG or XeCl excimer TMLR was 
performed. 

Post-operative 12jI-MIBG SPECT scintigraphy demonstrated myocardial denervation 
in all patients (p = 0.00005). Myocardial perfusion scintigraphy and stress-echocardio-
graphy did not change significantly. In all patients angina was reduced by > 2 classes at 
12 months follow up and quality of life improved significantly. 

In conclusion, TMLR-induced improvement of angina and quality of life may be 
explained by destruction of nociceptors or cardiac neural pathways. 
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Introduction 

Transmyocardial laser revascularisation (TMLR) is a therapy for severe angina pectoris 
refractory to medication, PTCA and CABG. At low operative risk, CO: and Ho:YAG 
TMLR relieves angina pectoris [151-155] and improves quality of life (QOL) [151-153] 
and exercise tolerance [151,152,154,155]. Furthermore, non-randomised XeCl excimer 
TMLR has been reported to achieve similar anginal relief [180]. However, the 
mechanism by which TMLR relieves angina is still poorly understood, which reduces 
acceptance of this treatment modality. The original idea that direct perfusion from the 
left ventricle through the laser channels improves myocardial perfusion [47] currently 
has little support [216]. Other hypotheses are TMLR-induced stimulation of 
angiogenesis [109] or destruction of cardiac nociceptors and afferent nerve fibres [137], 
which is investigated in the study reported here. Only one other clinical study has 
reported investigating sympathetic myocardial denervation after Ho:YAG TMLR [146]. 
However, in that study 2 (of 8) patients post-operatively showed increased myocardial 
innervation and 5 had diabetes mellitus, introducing possible interference through 
diabetic neuropathy. Furthermore, denervation location was not correlated with the 
treated area. 

In the present study we divided the heart in segments, and related changes in 
sympathetic innervation with treated area, perfusion and clinical performance in patients 
treated with Ho:YAG or excimer TMLR. We excluded confounding factors such as pre
operative myocardial infarction and diabetes mellitus in all but one patient. 

Patients and methods 

Study design 
Patients were recruited from a randomised clinical trial (RCT, see chapters IX-A and B) 
investigating the clinical efficacy of Ho:YAG and XeCl excimer TMLR. Inclusion 
criteria were angina pectoris New York Heart Association (NYHA) functional class 
III-IV/IV (not eligible for PTCA or CABG as determined by an experienced cardiac 
surgeon and interventional cardiologist at the trial centre), a scintigraphically proven 
reversible perfusion defect, a left ventricular ejection fraction (LVEF) > 35% (assessed 
with equilibrium radionuclide angiography), and a life expectancy > 1 year. Exclusion 
criteria were ventricular arrhythmias requiring treatment, clinically manifest heart 
failure, severe intrinsic haemorrhagic disorders and lack of informed consent. 

Between March 1998 and June 2001, 30 of 116 patients screened for TMLR were 
included in the RCT of which 8 were included in the study reported here. All other 
RCT-patients were excluded either because of diabetic neuropathy or because of 
previously documented myocardial infarction (CK-Mbmax > 25 |ig/l), since denervation 
and regeneration of neural tissue occurs in varying degrees in viable myocardium 
adjacent to infarcted myocardium. Iodine-123 labelled meta-iodobenzylguanide 
(' I-MIBG) SPECT scintigraphy was performed at baseline and post-operatively at 
1 (n = 5), 4 (n = 1), 9 (n = 1) or 16 (n = 1) months follow up (FU). Myocardial perfusion 
was assessed by technetium-99m labelled Tetrofosmin (99mTc-TF) SPECT scintigraphy 
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at baseline and at 3 and 12 months FU. Angina class, QOL and exercise tolerance were 
assessed at baseline, 3, 6 and 12 months. The in-hospital medical ethical committee 
approved the study and all patients gave written informed consent. 

Angina class, QOL and exercise tolerance 
Angina class was assessed by one investigator (JAPvdS), QOL was assessed using the 
Seattle Angina Questionnaire (SAQ) [217] and the EuroQol Standardised 
Questionnaire's Visual Analog Scale (VAS) [218], ranging from 0% (worst imaginable 
health) to 100% (best imaginable health), and exercise tolerance was assessed using a 
modified Bruce protocol. 

Myocardial perfusion scintigraphy 
Myocardial perfusion scintigraphy was performed according to the guidelines of the 
American Society of Nuclear Cardiology [219], using 99mTc-TF and a two-day stress / 
rest protocol. Stress was induced by exercise (bicycle ergometry) or, if exercise was 
contra-indicated or suboptimal, pharmacologically (0.14 mg/kg/min adenosine for 
6 min). For each individual patient, the stress modality used at baseline was also used at 
FU scintigraphy. 

All patients fasted 4 hours before perfusion scintigraphy. 99mTc-TF (approximately 
500 MBq; Nycomed Amersham, Buckinghamshire, UK) was injected at maximal 
exercise or after 4 min of pharmacological stress, and also at rest. SPECT was 
performed 1 hour after 99nTc-TF injection. Images were obtained with the patient in 
prone position using a 3-headed gamma camera (Mu/tiSPECT-3, Siemens, Hoffman 
Estate, IL, USA), using low energy high resolution collimators, a 20% energy window 
centred on the [99mTc] 140keV photopeak, 20 views/camera-head, 45 s/view in a 
64x64 matrix using the camera auto-contour facility and standard filtred back projection 
without applying attenuation correction. Short axis slices were obtained and used for a 
segmental bull's eye reconstruction (see figure 3F). Stress and rest images were scored 
using a validated and widely used 3-dimensional sampling and analysis algorithm, 
which generates a 5-point 99mTc-TF uptake score (a measure for myocardial perfusion) 
for each myocardial segment [220]. Uptake was classified as normal (0), equivocal 
abnormal (1), mildly abnormal (2), moderately abnormal (3) or severely abnormal (4). 
With this classification, the algorithm used the stress and rest scans to calculate (per 
patient) a summed stress score (SSS), summed rest score (SRS) and summed difference 
score (SDS, which is generated from the SSS and SRS). Since the two basal-septal 
segments represent the membraneous part of the septum they were excluded from the 
SDS, leaving the sum of 18 segments. This 18-segment SDS was used in further 
analyses. The nuclear medicine physicians (HJV and BLFvE-S), blinded to treated area 
and 123I-MIBG SPECT, reviewed the generated scores per patient and segment. In case 
of artifact scoring by the algorithm programme, scores were manually adjusted. 

123I-MIBG SPECT 
MIBG and noradrenalin have similar molecular structures and both utilize the same 
uptake and storage mechanisms in sympathetic nerve endings [221]. Labelling of MIBG 

98 



Cardiac denervation after TMLR 

with [l23I] enables scintigraphic visualisation of the cardiac sympathetic nervous system 
and uptake is therefore a measure of innervation. 

All patients received a single oral dose of 100 mg potassium-iodine to block thyroid 
uptake of free radioactive iodine 1 hour prior to the administration of the radio
pharmaceutical. SPECT was performed 4 hours after intravenous administration of 
185 MBq of l23I-MIBG (Nycomed Amersham, Buckinghamshire, UK) as described 
above for 9 mTc-TF SPECT, however using medium energy collimators, an energy 
window centred on the [l23I] 159 keV photopeak and 60 s/view. Data reconstruction was 
performed using a Wiener filter. Short axis slices were obtained and used to construct 
the same segmental bull's eye as described above. The fully automatic border-detection 
feature of a 3-dimensional sampling and analysis algorithm [220] was used to delineate 
myocardial borders. Despite MTBG-uptake in the lungs and liver, in only 1 out of 
16 scans manual correction of the automatic delineation was required (performed by the 
two nuclear medicine specialists). 

The algorithm programme described above could not be used for the 12,I-M1BG 
SPECT analysis because it is not validated for l23I-MIBG SPECT. Therefore, 123I-MIBG 
SPECT results before and after TMLR were visually analysed by the two nuclear 
medicine specialists, blinded to treated area and perfusion scintigraphy. However, for 
each segment, an identical 5-point scorings system was used for MIBG-uptake: Normal 
(0), equivocal abnormal (1), mildly abnormal (2), moderately abnormal (3) or severely 
abnormal (4). For each patient a pre-operative summed score, a post-operative summed 
score and a summed myocardial denervation score (SMDS), defined as post-operative 
summed score minus pre-operative summed score, was calculated for 18 segments. 

Stress-echocardiography 
Stress-echocardiography (parasternal, long and short axis, 4-chamber, 2-chamber and 
3-chamber view) was performed using a HDI 3000 echocardiograph {Advanced 
Technologies Laboratories, Bothell, Washington, USA) or a System V echocardiograph 
(GE Ultrasound Medical Systems, Milwaukee, Wisconsin, USA). After obtaining 
baseline images, stress-echocardiography was performed with increasing doses (every 
3 min) of dobutamine ( 1 0 / 2 0 / 3 0 / 4 0 |igr/kg/min), until the target heart rate (85% of 
the gender and age-predicted rate) was achieved or new or increasing wall motion 
abnormalities, severe angina or ischaemic ECG changes were observed. The ischaemic 
area was qualitatively described. 

Operative technique and TMLR procedure 
A left lateral thoracotomy was performed in the fifth or sixth intercostal space and 
TMLR was performed in the ischaemic area of the left ventricular wall as pre-
operatively assessed by perfusion scintigraphy. Approximately 1 channel per cm" was 
created with excimer TMLR and 1 per 1-2 cm" with Ho:YAG TMLR. Transmyocardial 
penetration was confirmed by transesophageal echocardiography. 

The Ho:YAG laser (CardioGenesis NSLX-6, CardioGenesis Corp., Sunnyvale, CA, 
USA; wavelength 2.1 um, 2.0 J/pulse, pulse duration 350 us, 19 Hz) was used with a 
1.9 mm diameter spherically-tipped fibre and its own trigger device. The myocardium 
was perforated by gently and manually advancing the fibre during 2-3 triggered cardiac 
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cycles (3 pulses/cycle). With the XeCl excimer laser (Max-20, Medolas, Munich, 
Germany, 308 nm, 37-40 mJ/pulse, 110 ns, 40 Hz), which was combined with a 
hospital-built ECG-trigger device, the myocardium was perforated by gently and 
manually advancing a 1 mm diameter flat-tipped fibre during 3-4 triggered cardiac 
cycles (4-5 pulses/cycle). 

Basal-septal and mid-septal segments were not treated (see figure 3F) to prevent 
damage to the bundle branches. Apico-septal segments were sometimes treated through 
the apex. Immediately after the procedure the surgeon recorded the treated segments by 
drawing them into a bull's eye presentation of the heart. Post-operative care was 
identical to that after open-heart surgery and pre-operative anti-anginal medication was 
resumed on the first post-operative day. Myocardial damage was assessed by CK-Mbmax. 

Statistical analysis 
Students* /-tests (all paired and 2-tailed) were used for statistical analyses of pre- and 
post-operative angina class, QOL, exercise tolerance time, myocardial perfusion 
scintigraphy (SDS) and '~T-MIBG SPECT scintigraphy (summed scores). P < 0.05 was 
considered significant. Results are given as mean ± standard deviation (SD). 

Results 

Tables 1 and 2 summarise pre-, peri- and post-operative patient characteristics. The 
number of channels created with the Ho:YAG laser was deliberately lower than with the 
excimer laser since, at the laser settings used, 1.9 mm Ho:YAG fibres induce more 
mechanical and thermal injury than 1 mm excimer fibres. Average in-hospital stay was 9 
days for both Ho:YAG and excimer TMLR. None of the patients died during FU. 

Patient M:F Age Previous Previous LVEF (%) DM Cardiac 
CABG PTCA medication 

+ - 56 - p-b/Ca/Ni 
+ - 53 - B-b/Ca 

+ 61 - p-b/Ni 

+ - 50 - p-b/Ca/Ni 
+ 58 p-b/Ca/Ni 

61 P-b/Ca/Ni 
+ + 60 - p-b/Ca/Ni 
+ - 55 - P-bCa/Ni 

Table 1. Pre-operative patient characteristics, p-b = beta-blocker: Ca = calcium antagonist; CABG = coronary artery 
bypass grafting: DM = diabetes mellitus; F = female; LVEF = left ventricular ejection fraction; M = male; Ni = long-
acting nitrate; PTCA = percutaneous transluminal coronary angioplasty. 

Angina class, QOL and exercise tolerance 
Angina improved > 2 classes (NYHA) in 7 of 8 patients at 3 months and in all 8 patients 
at 12 months FU (table 2). Overall, QOL (figure 1) was significantly improved at 
3 months FU in all 5 domains of the SAQ and in the VAS. These improvements were 
still significant at 12 months FU with exception of the treatment satisfaction domain of 
the SAQ. No differences were seen between Ho:YAG and excimer laser patients. 
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Patient 

1 
2 
3 
4 
5 
6 
7 
8 

mean ± SD: 

Laser 

excimer 
Ho:YAG 
excimer 
excimer 
Ho:YAG 
excimer 
Ho:YAG 
excimer 
excimer: 
Ho:YAG: 

Number of 
channels 

64 
43 
59 
50 
27 
50 
23 
42 

53 ± 9 
31 ± 11 

CK-Mb 
max 
23 
36 

101t 
43 
28 
29 
18 
25 

44 ±33 
27 ± 9 

NYHA class 
pre-operative 

3 
4 
4 
4 
4 
4 
4 
4 

3.8 ±0.5 
4.0 ±0 

NYHA class 
3 months FU 

2 
2 
2 
2 
2 
2 
1 
1 

1.8 ±0.5* 
1.7 ±0.6* 

NYHA class 
12 months FU 

1 
2 
2 
2 
2 
2 
2 
2 

1.6 ±0.6* 
2.0^0* 

Table 2. Peri- and post-operative patient characteristics. *p < 0.05 compared to pre-operative: f due to a small sub
endocardial infarction that neither affected wall motion nor '"'I-MIBG scintigraphy: FU = follow up: NYHA = New York 
Heart Association: SD = standard deviation. 

100 

75 

8 50 

_ l 
o 
o 

25 

p < 0 . 0 5 t 

p < 0 . 0 5 * 

EuroQuol Visual Analogue Scale 
SAQ disease perception 

• * - SAQ angina frequency 
—•- -SAQ anginal stability 
— - SAQ physical limitation 

• SAQ treatment satisfaction 

Pre-TMLR 3 months FU 

Time points 

12 months FU 

Figure 1. Results of the Seattle Angina Questionnaire (SAQ) and the EuroQol Questionaire's Visual Analogue 
Scale (VAS). *VAS and all SAQ domains: fVAS and SAQ domains with exception of treatment satisfaction. 

Overall, TMLR did not improve exercise tolerance time (526 ± 201 s pre-operative 
vs. 558 ± 217 s and 549 ± 222 s at 3 and 12 months respectively). 

Myocardial segments treated by TMLR 
Out of 144 segments (8 patients, 18 segments/patient), 74 were treated by TMLR (range 
6-14 segments/patient). Furthermore, 63 out of the 144 segments demonstrated a 
reversible perfusion defect pre-operatively, 58 of these were eligible for TMLR (the 
other 5 were mid-septal segments), and 46 of these 58 segments (79%) were actually 
treated by TMLR. Consequently, 46 of 74 treated segments (62%) pre-operatively 
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showed a reversible perfusion defect. Of the remaining 28 treated segments, 7 showed a 
minimal rest score (of 1 or 2) and the remaining 21 showed no defects. Figure 2 
summarises the results. 

TMLR-treated 
segments (n=74) 

-operative reversible 
perfusion defect 

segments (n=63) 

Positive myocardial 
enervation score 

segments (n=50) 

Figure 2. Venn diagramme of overlap of segments treated by TMLR (dark grey), pre-operatively showing a 
reversible perfusion defect (light grey) and showing a positive myocardial denervation score (white). For example. 
28 segments pre-operatively showed a reversible perfusion defect, were treated by TMLR and post-operatively did not 
show denervation. Of the 14 segments that pre-operatively showed a reversible perfusion defect, were not treated and did 
not show denervation, 5 were mid-septal segments which could not be treated. Consequently, a total of 58 reversible 
perfusion defect segments were eligible for TMLR. 

123 I-MIBG SPECT and myocardial perfusion scintigraphy 
Table 3 summarises the I-MIBG SPECT and perfusion scintigraphy results. 

Patic 

1 
2 

3 
4 
5 

6 

7 
s 

mean ; 

it 

SI) 

i : I-MIBG SPECT 
Pre-operativc 

SS 

19 

19 
12 
14 
8 

21 
18 
7 

14.8 ± 5.3 

scintigraphy 
Post-operative 

SS 

26 

28 
22 

26 
24 

30 
24 

16 
24.5 ± 4 2* 

SMDS 

7 

9 
10 

12 
16 

9 
6 
9 

9.8 ±3.1 

Myocardial 
Pre-operative 

SDS 

6 
28 
39 
14 

6 
9 
3 
8 

14.1 ± 12.7 

perfusion 
3 months 

SDS 

9 
16 
26 
21 
12 

7 
6 
3 

12.5 ± 7 . 9 

ciiiti;. rap In 
12 months 

SDS 

8 

23 
14 
22 

6 
11 

6 
3 

11.6 ± 7.5 

Table 3. Results of '"i-MIBG SPECT and myocardial perfusion scintigraphy. *p = 0.00005 compared to pre
operative (and p = 0.0002 when excluding patient nr. 6 who had diabetes mellitus type II); SD = standard deviation; 
SDS = summed difference score; SMDS = summed myocardial denevation score; SS = summed score. 

Pre-operatively, 27 out of 62 segments with a decreased MIBG-uptake corresponded 
with areas at risk on perfusion scintigraphy. All patients showed a positive summed 
myocardial denervation score and MIBG-uptake decreased after TMLR in 45% of 
treated segments (see figure 2). None of the 144 segments showed an increased MIBG-
uptake. Overall, in 50 segments, MIBG-uptake was decreased after TMLR and 33 of 
these (66%) had been treated by TMLR. No differences in MIBG-uptake were found 
between Ho:YAG and excimer TMLR. On average, perfusion remained unchanged at 3 
and 12 months FU. No post-operative increase in scar size was observed (average SRS 
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was 4.4 ± 5.2 at baseline vs. 6.1 ± 5.0 at 3 months (p = 0.2) and 4.1 ± 4.6 at 12 months). 
Figure 3 shows a representative patient example. 

Pre-operative Post-operative Subtraction (A-B) 

Figure 3. Bull's eye representation of myocardial innervation and perfusion in a representative case (patient 
nr. 4) showing denervation after TMLR. Eight months post-operative ':'l-M/BG scintigraphy (panel B) shows, 
compared to pre-operative (panel A), antero-laterally decreased uptake corresponding with the TMLR-treated area. 
Panel C displays the difference between pre- and post-operative l2'l-MIBG scintigraphy, compatible with denervation in 
the TMLR-treated area. No improvement in ischaemia was observed in the TMLR-treated area 12 months post-operative 
(panel E) compared to pre-operative (panel D. both panels displayed as reversibility plots). The level of radio-activity 
(panels A and B) and difference (C. D and E) is encoded from low (black) via medium (yellow) to high (white). Panel F 
shows the IH-segment model of the left ventricle: 4 basal. 6 mid-ventricular. 6 pre-apical and 2 apical segments. The grey 
segments, representing the membranous part of the inter-ventricular septum, were excluded in all analyses. 
* = segments never treated by TMLR; MPS = myocardial perfusion scintigraphy: ANT = anterior; LAT = lateral; INF = 
inferior; SEPT = septal. For this figure in colour see page 149. 

Stress-echocardiography 
In patient nr. 4 the echo window was insufficient to perform an interpretable stress-echo. 
In the remaining 7 patients pre-operative stress-echocardiography showed a positive 
ischaemic response to stress in the same area as the reversible perfusion defect on 
scintigraphy. Post-operatively, patient nr. 5 showed a new persistent wall motion 
abnormality without signs of ischaemia. In the other 6 patients stress-echocardiography 
remained positive in the same area. 

Discussion 

Our results support previous evidence that myocardial denervation plays a role in 
anginal relief after TMLR [146]. To our knowledge this is the first segmental analysis of 
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innervation, correlated to perfusion and TMLR-treated area. Also, because only one 
diabetic patient was included, the possible interference of diabetic neuropathy with the 
studied denervation effects is minimal. 

Denervation hypothesis 
The hypothesis of denervation originates from the observation that TMLR can relieve 
angina within days. Since functional angiogenesis unlikely occurs within days, anginal 
relief through direct intervention in (neural) pain sensation by cardiac denervation is 
thought to play a role. Anginal perception is believed to be transported to the brain 
through cardiac nociceptors and afferent fibres [132]. The latter are located superficially 
in the epicardium [133] and thus easily accessible by TMLR. Other indications that 
interference in neural pathways may contribute to anginal relief are beneficial effects on 
angina of neuromodulating therapies such as spinal cord stimulation and thoracic 
epidural anaesthesia [32]. Also, diabetic patients frequently experience silent ischaemia 
(without anginal complaints) because diabetic neuropathy in these patients often 
destroys sympathetic myocardial fibres [134]. Moreover, patients with transplanted (and 
thus completely denervated) hearts lack angina despite development of extensive 
coronary artery disease. 

Experimental evidence 
Experimental myocardial denervation studies after TM(L)R show conflicting results 
[216]. In a canine model, Kwong and colleagues reported that Ho:YAG TMLR destroys 
cardiac nerve fibres, as assessed by cardiac afferent nerve function (epicardial 
bradykinin) and tyrosine hydroxylase measurements two weeks post-operatively [137]. 
Using the same assessment methods and FU, Yamamoto and colleagues reported radio 
frequency energy TMR-associated denervation in canine comparable to TMLR [56]. In 
contrast, Minisi and colleagues [139] and Hirsch and colleagues [140] reported no effect 
of Ho:YAG TMLR in canine using various acute neural assessments. However, the 
group of Hirsch, i.e. Arora and colleagues [141], also studied TMLR-effects after 
4 weeks and concluded that remodelling of the intrinsic cardiac nervous system may 
account, at least in part, for delayed symptomatic benefits in TMLR patients. Finally, 
one study, using the same assessment techniques as described in the clinical study 
reported here (M1BG SPECT) but in combination with a 3-day survival porcine model, 
has reported finding negligible effect of endocardial Ho:YAG laser channels 
(percutaneous myocardial revascularisation or PMR) on denervation [222]. This may be 
explained by the epicardial location of the sympathetic fibres (less damaged by PMR) 
and because PMR affects myocardium to a lesser extent. These differences may also 
explain the reported difference in clinical efficacy between TMLR and PMR. 

Clinical evidence 
Al-Sheikh and colleagues have described the investigation of sympathetic innervation 
and myocardial ischaemia with PET imaging using "C-hydroxyephedrine (HED) and 
l3N-ammonia respectively [146]. In 8 Ho:YAG TMLR-treated patients, PET imaging 
was performed at baseline and 2 months post-operatively. All patients experienced 
improvement of > 2 angina classes. As in our study, TMLR did not significantly affect 
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myocardial perfusion. HED measurements showed decreased innervation after TMLR in 
6 out of 8 patients and, surprisingly, increased innervation in 2 patients. 
Pathophysiologically, this increase is difficult to explain. Nevertheless, the authors 
concluded that TMLR causes sympathetic myocardial denervation without affecting 
perfusion. 

Compared to Al-Sheikh's study, our design has several advantages. First, only one of 
our patients had diabetes (vs. 5 of 8 in Al-Sheikh's study), which minimises possible 
interference of neuropathy with the scintigraphic results. In this patient (with diabetes 
type II) no clinical signs of diabetic neuropathy were identified. Furthermore, even when 
this patient was excluded from the analyses, the observed denervation in the remaining 
seven patients was still highly significant (p = 0.0002). Second, we assessed clinical 
denervation at 1, 4, 9 and 16 months and found clinical benefit and denervation at all FU 
times. Given the controversy concerning long-term efficacy of TMLR, this is an 
important finding, even though it was investigated in only a small number of patients. 
Third, the current study compares for each of 18 segments the areas that showed 
denervation vs. the TMLR-treated areas. Out of 74 TMLR-treated segments, 
33 segments (45%) showed denervation. Apparently, not every transmyocardial laser 
perforation destroys nerves, or at least not enough to significantly decrease MIBG-
uptake. However, since all patients post-operatively showed decreased MIBG-uptake, 
and all experienced significant clinical improvement, we hypothesise that this 
incomplete denervation of treated segments is sufficient to relieve angina. Inversely, 
33 of 50 denervated segments (66%) were treated. Of the remaining 17 non-treated 
segments, 10 were pre-apical or apical segments. As also postulated by Al-Sheikh and 
colleagues, denervation of non-treated (pre-) apical segments may result from proximal 
('upstream') lesions which interrupt sympathetic nerve fibres from the apex. 
Consequently, we conclude that in 86% (43 / 50) of all segments that showed 
denervation, the decreased MIBG-uptake can be attributed to TMLR. Why denervation 
occurred in the remaining 7 non-treated segments is unclear. Although myocardial 
ischaemia may play a role in cardiac sympathetic neuronal damage [223], only 3 of the 7 
remaining non-treated segments showed ischaemia, leaving unexplained denervation in 
4 segments. These denervated segments were distributed over 3 patients (all with 1 
month FU) and of the 4 segments 3 showed a denervation score of only 1 on the 5 point 
scale and 1 segment showed a denervation score of 2. We have considered three 
possible explanations for the denervation in these 4 segments: i) spontaneous (non-
treatment) denervation, ii) thoracotomy-related denervation or iii) a (technique-related) 
variation in observed MIBG-uptake. However, we rejected these explanations because i) 
in our opinion spontaneous denervation is unlikely, given the short time span used in 
this study, ii) we believe that there is no theoretical basis for decreased MIBG-uptake 
solely induced by the thoracotomy and iii) any technique-related variation would 
expected to be 2-sided. Since none of the 144 investigated segments showed increased 
innervation, this last explanation also appears to be unlikely. 

Finally, in our study we performed both Ho:YAG and excimer TMLR. Despite 
differences in laser-tissue interaction [216], no laser-specific differences in denervation 
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or myocardial damage (CK-Mb) were observed. However, for this comparison the 
groups were too small to draw definite conclusions. 

Conclusion 
In all Ho:YAG and excimer TMLR-treated patients, evidence of myocardial denervation 
was found, while no improvement was seen in myocardial perfusion. The coinciding 
improvement in angina and QOL suggests that myocardial denervation plays an 
important role in the efficacy of TMLR. Consequently, further research is indicated to 
investigate whether other methods to induce myocardial denervation might be at least as 
effective, simpler and cheaper in relieving angina and improving quality of life in 
patients with severe refractory angina. 

106 



CHAPTER IX-A 

TRANSMYOCARDIAL REVASCULARISATION USING 

A XeCl EXCIMER LASER IN PATIENTS WITH 

REFRACTORY ANGINA: RESULTS OF A 

PROSPECTIVE RANDOMISED TRIAL 

Jos A.P. van der Sloot * 
Menno Huikeshoven 
Raymond Tukkie * 
Hein J. Verberne + 

Berthe L.F. van Eck-Smit' 
Jan van der Meulen " 

Martin J.C. van Gemert§ 

Jan G.P. Tijssen * 
Johan F. Beek * 

A t + 

Department of Cardiology. Department of Nuclear Medicine, ""Department of Cardio-Thoracic Surgery 

and Laser Centre, Academic Medical Centre, University of Amsterdam 

Presented at the 22ndAnnual meeting of the American Society for Laser Medicine and 
Surgery, April 2002, Atlanta (GA), USA. (Lasers Surg Med 2002; Suppl. 14:51) 

Submitted for publication 
(in modified form) 



Chapter IX-A 
Abstract 

C02 and Ho:YAG transmyocardial laser revascularisation (TMLR) are used to treat 
patients with severe refractory angina. We present the first randomised trial 
investigating the efficacy and safety of XeCl excimer TMLR. 

Thirty patients with refractory angina were randomised in pairs to undergo excimer 
TMLR (wavelength 308 nm, 37-40 mJ/pulse, pulse duration 110 ns, pulse frequency 40 
Hz) or to receive optimal anti-anginal medication (medication group). We assessed 
angina, quality of life (QOL, described in chapter IX-B), exercise time, myocardial 
perfusion and ventricular wall motion at baseline and at three, six and 12 months after 
TMLR. 

One TMLR patient died peri-operatively versus none in the controls. In the TMLR 
group angina decreased from class 3.8 ± 0.4 at baseline to 1.9 ± 0.9 at 12 months, versus 
3.9 ± 0.3 to 3.7 ± 0.6 respectively in the control group (p < 0.01). At 12 months, a 
decrease of > 2 angina classes was found in 12 out of 14 (79%) TMLR patients versus 
none of the controls (p < 0.01). A decrease in wall motion abnormality score was found 
without improvement in myocardial perfusion or exercise time. 

In conclusion, excimer TMLR significantly relieves angina with minimal evidence of 
improved cardiac perfusion or function. 
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Introduction 

A growing number of patients with severe angina pectoris cannot be adequately treated 
with standard therapies (medication, PTCA or CABG). One of the alternative treatments 
for these patients is transmyocardial laser revascularisation (TMLR), which aims to 
decrease angina by creating laser channels in ischaemic but viable myocardium. In the 
past two decades three different types of lasers have been used: a high power C02, a 
Ho:YAG and a XeCl excimer laser. Despite the worldwide use of all three types, 
randomised results have so far only been reported for C02 and Ho:YAG lasers [151-
155]. Randomised XeCl excimer data is still missing, although excimer TMLR is 
expected to be at least as effective and safe as C02 or Ho:YAG TMLR. Not only is there 
great resemblance between C02 and XeCl excimer channels but several uncontrolled 
studies have reported promising clinical improvement using the excimer laser [180,181]. 
We present here the first randomised study comparing XeCl excimer TMLR with 
maximal anti-anginal medication for the treatment of severe angina. We assessed 
anginal status, myocardial perfusion, myocardial function and health-related quality of 
life (which is reported in chapter IX-B of this thesis). 

Patients and iMethods 

Patients 
Eligible patients were required to have New York Heart Association (NYHA) functional 
class III-IV/IV angina pectoris despite maximal medication, not amenable to PTCA or 
CABG (as determined by an experienced and independent cardiac surgeon and 
interventional cardiologist at the trial centre). Other criteria for enrollment were a 
scintigraphically proven reversible perfusion defect, a LVEF > 35% (assessed with 
equilibrium radionuclide angiography), and a life expectancy > 1 year. Exclusion criteria 
were ventricular arrhythmias requiring treatment, clinically manifest heart failure, 
severe intrinsic haemorrhagic disorders, or lack of informed consent. 

Randomisation 
The study was designed as a randomised, single centre trial with 30 patients. When two 
patients met the criteria, they were included as a pair, randomised between XeCl 
excimer TMLR (TMLR group) and maximal anti-anginal medication (medication 
group) and then followed simultaneously. Patients assigned to optimal medication alone 
were treated as such for at least one year. These patients were also offered TMLR after 
one year, that is after completion of the present study. The study was approved by the 
hospitals' medical ethical committee and all patients gave written, informed consent. 

Laser treatment and maximal medication 
Pre-medication was identical to that given to patients undergoing open-heart surgery. 
Anaesthesia was induced (avoiding the use of drugs with cardiosuppressive effects), 
followed by intubation and catheterisation with a Swan Ganz catheter. Under general 
anaesthesia, a left lateral thoracotomy was performed in the fifth or sixth intercostal 
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space. The pericardium was opened and without cardiopulmonary bypass 
transmyocardial laser channels were created in the ischaemic area of the left ventricular 
wall. The area of treatment corresponded with the area of ischaemia as assessed by 
myocardial perfusion scintigraphy. Approximately one transmyocardial channel per cm" 
was created with a XeCl excimer laser (Medolas MAX-20, Munich, Germany) at 308 
nm. A fibre was used with a diameter of 1 mm and a hospital-built ECG-trigger device 
was used in conjunction with the laser. This device operates a shutter that is positioned 
in the laser beam, before the beam is coupled into the fibre. The laser was operated at 40 
Hz and 37 - 40 mJ/pulse (pulse duration 110 ns). In combination with the trigger device 
on average 4 to 5 pulses are fired at the myocardium during each triggered cycle. Using 
these settings, the myocardium was perforated by manually advancing the fibre into the 
myocardium during an average of 3 to 4 triggered cardiac cycles. The procedure was 
guided by transesophageal echocardiography [48]. Short-term application of manual 
pressure was usually sufficient to stop the epicardial channel opening from bleeding. 
After the laser procedure the pericardium, intercostal musculature and skin were closed 
in layers. Post-operatively, positive inotropics were avoided if possible and pre
operative medication was resumed within 24 hours. Further care was identical to that 
after open-heart surgery. 

In all patients of both groups maximal anti-anginal medication was subscribed, 
defined as the maximally tolerable dosage of (3-blockers, Ca-antagonists and long-acting 
nitrates. 

Follow up and measurements 
All pairs of patients were seen at the outpatient clinic at baseline and at 1, 3, 6 and 12 
months. Table 1 summarises pre- and post-operative assessment. 

Parameter Baseline 1 month 3 months 6 months 12 months 
± 2 weeks ± 2 weeks ± 2 weeks ± 2 weeks 

C'lincial status (NYHA angina 
class, medication, clinical events. x 
physical examination and QOL) 

Exercise-test x 
Strcss-echocardiography x 
Myocardial perfusion scintigraphy X 
Left ventricular ejection fraction x 

Table 1. Pre (baseline)- and post-operative assessment. NYHA = angina classification according to the New York 
Heart Association: QOL = quality of life. 

Clinical status 
The functional angina status was assessed by one cardiologist (JAPvdS) using the 

NYHA classification. Changes in medication were recorded as well as clinical events 
that occurred in between FU moments, including hospital admittance, unstable angina, 
myocardial infarction, arrhythmias and death. Myocardial infarction was defined as new 
Q-waves on the ECG. 

Methods and results of the quality of life assessment of this trial are described in 
chapter IX-B of this thesis. 
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Exercise tolerance 
Exercise tolerance was tested according to a (sympton limited) modified Bruce protocol. 
Optimal medication was continued prior to and during the test. Exercise time and the 
incidence of angina as a limiting symptom (for the test) were recorded. 

Myocardial perfusion scintigraphy 
Myocardial perfusion scintigraphy was performed according to the guidelines of the 
American Society of Nuclear Cardiology [219], using "'"Technetium-labelled 
Tetrofosmin (99mTc-TF) and a two-day stress/rest protocol. All patients fisted 4 hours 
before perfusion scintigraphy. Stress was induced by exercise (bicycle ergomctry) or 
pharmacologically (0.14 ug/kg/min adenosine for 6 minutes) if exercise was 
contraindicated, suboptimal or if patients had a complete left bundle branch block on the 
ECG. For each individual patient, the stress modality used at baseline was also used at 
follow up. 99mTc-TF (approximately 500 MBq) was injected either at maximal exercise 
or after 4 minutes of pharmacological stress, or at rest during rest testing. SPECT was 
performed 1 hour after 99mTc-TF injection. Images were obtained with the patient in 
prone position using a 3-headed gamma camera (MultiSPECT-3, Siemens, Hoffman 
Estate, Illinois) equipped with low energy high resolution collimators, a window centred 
at the [99mTc] 140 keV photopeak, 45 s/view and standard filtred back projection without 
applying attenuation correction. Short axis slices were obtained and used for a bull's eye 
reconstruction, which was subdivided in 18 segments. Stress and rest images were 
scored using a 3-dimensional sampling and analysis algorithm, which generates a 
5-point myocardial perfusion score for each myocardial segment [220]. Perfusion was 
classified as normal (0), equivocal abnormal (1), mildly abnormal (2), moderately 
abnormal (3) or severely abnormal (4). The nuclear medicine specialists, blinded to the 
treatment and date of investigation, reviewed the generated scores per scintigram and 
segment. In case of artifact scoring by the algorithm program, scores were manually 
adjusted. Per patient and FU moment, a summed stress score (SSS), summed rest score 
(SRS) and summed difference score (SDS, which is generated from the SSS and SRS) 
was calculated. 

Stress echocardiography and left ventricular ejection fraction 
Stress-echocardiography (parasternal, long and short axis, 4-chamber, 2-chamber and 
3-chamber view) was performed using a HDI 3000 echocardiograph (Advanced 
Technologies Laboratories, Bothell, Washington, USA) or a System V echocardiograph 
(GE Ultrasound Medical Systems, Milwaukee, Wisconsin, USA). After obtaining 
baseline images, stress-echocardiography was performed with increasing dobutamine 
doses (every 3 minutes, 10/20/30/40/50 ug/kg/min), until the target heart rate (85% of 
the gender and age-predicted rate) was achieved or new or increasing wall motion 
abnormalities (WMA), severe angina or ischaemic ECG-changes were observed. The 
ischaemic area was quantitatively described by scoring the number of involved coronary 
territories (0, 1,2 or 3) for both reversible and fixed WMA. 
Left ventricular ejection fraction (LVEF) was assessed using equilibrium radionuclide 
angiography, according to the guidelines of the American Society of Nuclear Cardiology 
[219]. 
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Endpoints and statistical analysis 
The primary endpoint was improvement of anginal symptoms at 12 months follow up. 
Secondary endpoints were medical treatment, clinical events, QOL, exercise time and 
myocardial perfusion and function. Therapeutic efficacy was defined as an improvement 
in angina of > 2 classes in 40% of the TMLR patients compared to 0% in the medication 
group (a = 5%, l-p = 80%). 

In both groups, missing exercise times were substituted using linear interpolation 
except when the first post-operative follow up (3m) was missing in the TMLR group. 
Then, the average (TMLR) group changes were used to calculate substitutes for the 
missing values. In case of missing data due to mortality, patients were included in 
baseline characteristics but excluded from the overall results. In a sub-analysis of angina 
and exercise time deceased patients were taken into account by including their last 
obtained values in the remaining follow up moments ('last observations carried 
forward'). 

Results are presented as means with standard deviations (SD), number of patients (n) 
or frequency (%). We used 2-tailed independent-sample /-tests to compare the two 
groups and 2-tailed paired /-tests to compare baseline and 12-month values within the 
groups. 

Results 

Patients 
Between March 1998 and June 2001, 30 out of 116 referred patients met the inclusion 
criteria. No patients were lost to follow up and no data were missing for both groups at 
baseline and 12 months follow up. There were no differences in clinical baseline 
characteristics between the two groups (table 2). 

Surgical and peri-operative data 
During TMLR 46 ± 10 channels were created. Transesophageal echocardiography [48] 
confirmed transmyocardial perforation in 88% of a total of 696 channels. Only one 
channel required epicardial suturing to stop the bleeding. Skin-to-skin and TMLR-
procedure times were 111 ±22 and 24 ± 11 min respectively. No significant arrhythmias 
or bleedings were observed. Four patients developed post-operative myocardial 
infarctions (CK-Mbmax values of 101, 108, 221 and 697 ug/1, respectively). One patient 
(CK-Mbmax = 697 ug/1) developed the infarction during the operation and died from the 
consequences the same day (total 1-year mortality in TMLR group 6.7%). The 11 non-
infarcted patients had CK-Mbmax values < 45 ug/1 (mean 27 ± 9 ug/1). Two of the 14 
surviving patients developed a pneumonia during their intensive care stay. In one, this 
resulted in 21 days of mechanical ventilation and 51 days in-hospital stay. The 
remaining 13 had 22 ± 9 hours mechanical ventilation and 9 ± 1 days in-hospital stay. 

Endpoints 
Angina class 
Results of the NYHA angina class are shown in table 3 and in figure 1. At 12 months 
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Characteristic TMLR group 

(n = 15) 
62.7 ± 7.6 (48-76) 

13:2 

3 
12 

55 ± 9 
11 

13±4 
2 
13 
15 
7 
5 
[0 

12 
8 
2 
12 
10 

4.7 ± 1.5 
7 
2 
1 

Medication group 
(n = 15) 

58.1 ±7.6(47-75) 
14:1 

1 
14 

5 6 x 6 
9 

13±5 
1 

14 
13 
4 
3 
i : 

11 
7 
3 
13 
14 

4.3 ±2.7 
6 
3 
4 

Age (years, mean ± SD) (range) 
Men : women (n:n) 
Cardiac status 

NYHA angina class: III (n) 
IV (n) 

LVEF (%, mean ± SD) 
Patients with previous MI (n) 
Years since diagnosis of CAD (± SD) 
Two-vessel disease (n) 
Three-vessel disease (n) 
Previous CABG (n) 
Previous PTCA (n) 
Medication: double cardiac therapy (n) 
Medication: triple cardiac therapy (n) 

Risk factors 
Family history of coronary artery disease (n) 
Hypertension (n) 
Diabetes mellitus (n) 
Hypercholesterolaemia (n) 
Smoking, current or ex (n) 

Operative risk (associated with CABG) t 
Score 
High risk (n) 

Manifest peripheral arteriosclerosis (n) 
Manifest cerebrovascular disease (n) 

Table 2. Baseline characteristics of the TMLR and the medical management group. No significant baseline 
differences were present between the two groups. CAD = coronary artery disease; CABG = coronary artery bypass graft; 
LVEF = left ventricular ejection fraction; MI = myocardial infarction; MM = medical management; n = number of 
patients; NYHA = New York Heart Association: PTCA = percutaneous transluminal coronary angioplasty; SD = standard 
deviation; t The risk associated with coronary-artery bypass grafting was assessed with the scoring system of the 
Cleveland Clinic [224]. A score of > 5 indicates a high risk. 

follow up, 11 out of 14 TMLR patients (79%) improved > 2 classes in angina versus 0 
out of 15 control patients (p < 0.0001). Angina was already significantly improved at 1 
month after TMLR. The improvement in angina class 12 months after TMLR was 
significantly better than in the control group (from class 3.8 ± 0.4 at baseline to 1.9 ± 0.9 
at 12 months in the TMLR group versus 3.9 ± 0.3 to 3.7 ± 0.6 respectively in the control 
group; p = 0.000001). When the baseline value of the patient that died (angina class IV) 
was included in the follow up, statistical significance remained (p < 0.0001). 

NYHA class 
(SD) 

> 2 classes 1 
> 1 class i 

Exercise time 
(SD) 

Baseline 

3.8 
(0.4) 

465 s 
(167) 

TMLR group (r 
1 

Month 
2.0 

(0.6) 
77% 
85% 

n.p. 
n.p. 

3 
Months 

2.1 
(0.6) 
64% 
93% 

542 s 
(154) 

=14) 
6 

Months 
1.9 

(0.7) 
64% 
100% 

525 s 
(145) 

12 
Months 

1.9 
(0.9) 
79% 
86% 

519 s 
(157) 

Baseline 

3.9 
(0.3) 

486 s 
(216) 

Medic 
1 

Month 
3.7 

(0.5) 
0% 
20% 

n.p. 
n.p. 

dtion grou 
3 

Months 
3.7 

(0.5) 
0% 

20% 

453 s 
(240) 

P(n=15) 
6 

Months 
3.9 

(0.4) 
0% 
7% 

415s 
(229, 

12 
Months 

3.7 
(0.6) 
0% 
20% 

445 s 
(212) 

Table 3. Angina class and exercise time at baseline, one, three, six and 12 months, n.p. = not performed; NYHA 
angina classification according to the New York Heart Association. 
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T M L R g r o u p 

Pre 1 month 3 months 6 months 12 months 

1 
< 

I 

/-i ii,' i-> I " intensive „ , 
QassIV 12 %, 

* 8 %„ 
2 '"> 1 

A 

Q ass III 3 2 • 2 ' • 3 ' • 2 1 
• • ] • 

] 1 2 
I I 1 

A* 

Class II 9 6 • 9 « - 8 • 7 
2 * 2 2 • 

« 2 1 
A A A 

Class I 2 2 • 4 • 5 

Medication group 

Pre 1 month 3 months 6 months 12 months 

QassIV 14 " • 1 1 " • 11 " • 13 " - 12 
3 * 2 * 

2 1 
A A 

Class III 1 ' • 4 4 • 4 2 • 2 2 

Class II 1 

ClassI 

Figure 1. Changes in NYHA angina class in the TMLR group (upper scheme) and the medication group (lower 
scheme), t = deceased. 
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Medical treatment and clinical events 
During follow up, medical treatment remained virtually unchanged in both groups (see 
table 4) except for the use of sublingual nitrates, which was significantly decreased in 
the TMLR group (not shown in table 4). One patient in the medication group suffered 
from a myocardial infarction during follow-up. Furthermore, 2 patients in the TMLR 
group and 1 patient in the medication group underwent hospital admittance for a cardiac 
cause and in both groups 1 patient underwent hospital admittance for a non-cardiac 
cause. No further clinical events were observed. 

B-blockers 
LA nitrates 
Ca antagonists 
Aspirin 
Coumarin 
Pcrsantin 
Lipid lowering drugs 
Diurcties 
ACE inhibitors 

Baseline 
(n=15) 

% 
100 
87 
80 
67 
34 
7 
SO 

0 
34 

TMLR 
3m FU 
(n=14) 

% 
S6 
86 
72 
100 
14 
7 

79 
14 
21 

group 
6m FU 
(n=14) 

% 
86 
93 
64 
100 
14 
7 

79 
14 
29 

12m FU 
(n=14) 

% 
86 
100 
64 
100 
14 
7 

79 
14 
29 

Baselint 

% 
100 
87 
94 
^4 
20 
7 

87 
20 
40 

Medication 
3m FU 

% 
100 
87 
100 
80 
7 
0 
87 
27 
40 

group (n= 
6 m 11 

% 
100 
87 
100 
NO 

7 
0 
87 
27 
40 

=15) 
12m FU 

% 
100 
87 
100 
93 
0 
0 
87 
27 
40 

Table 4. Medication at baseline and follow up. ACL: inhibitors = angiotensin-converting enzyme inhibitors: 
LA nitrates = long-acting nitrates; Ca antagonists = calcium antagonists. 

Quality of life 
Results of quality of life assessment are described in chapter IX-B. 

Exercise time 
Change in exercise time did not differ significantly between the two groups (see table 
3). However, in the TMLR group the incidence of angina as a reason for stopping was 
significantly decreased at 12 months compared to pre-operative, while this was 
unchanged in the medication group. 

Myocardial perfusion scintigraphy 
All myocardial perfusion scans showed sustained ischaemia at 3 and 12 months follow 
up. In the TMLR group, the mean summed difference score at baseline was 13.9 ± 7.8 
vs. 12.1 ± 7.8 and 11.2 ± 5.1 at 3 and 12 months respectively (non-significant 
differences compared to baseline). In the medication group this was 10.9 ± 5.7, 9.5 ± 6.3 
and 9.8 ± 7.5 respectively (non-significant differences compared to baseline and 
compared to the TMLR group). 

Stress-echocardiography 
The reversible WMA score was significantly decreased in the TMLR group at 
12 months compared to the control group (from 1.1 ± 0.5 at baseline to 0.5 ± 0.5 at 
12 months in the TMLR group vs. 0.9 ± 0.6 and 1.2 ± 0.8 respectively in the control 
group; p = 0.005), while the fixed WMA score was significantly increased (from 
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0.3 ± 0.5 at baseline to 0.7 ± 0.5 at 12 months in the TMLR group vs. 0.3 ± 0.5 and 
0.5 ± 0.7 respectively in the control group; p = 0.008). 

Ejection Fraction 
Average pre-operative LVEF was 55 ± 9% in the TMLR group and 56 ± 6% in the 
medication group (p = 0.67). Compared to baseline, the LVEF was decreased 
significantly in the treatment group at 12 months follow up (51 ± 11%, p = 0.01). 
However, average 12 month LVEF was still within normal limits. In the medication 
group, LVEF was decreased non-significantly (p = 0.07) at 12 months (53 ± 8%). 

Discussion 

The current study is the first to investigate XeCl excimer TMLR in a randomised 
controlled set-up. The results show that at 12 months follow up, XeCl excimer TMLR 
significantly reduces angina pectoris symptoms compared to optimal medication. 

Angina and exercise time 
In the current study, 79% of patients in the TMLR group showed a decrease of 
> 2 angina classes at 12 months, versus 0% of patients in the medication group. 
Although assessed in a smaller number of patients, this result is as good as the best 
outcomes of earlier randomised TMLR studies using C02 or Ho:YAG lasers. In these 
studies, angina decreased with > 2 classes in 25% to 76% of TMLR patients, and with 
> 1 class in at least 63%) of TMLR patients (versus 86% in the present study). An 
interesting observation in all studies including ours is the apparent correlation between 
the baseline percentage of patients in NYHA / CCS class IV and the percentage of (all) 
patients that improved > 2 classes at 12 months. In the current study, 80% of TMLR 
patients had NYHA class IV at baseline and 79% of all TMLR patients (including those 
with NYHA class III) improved > 2 classes at 12 months. Furthermore, of the improved 
patients, 91% was in class IV at baseline. As partly shown in table 5, in the other studies 
baseline class IV percentages and percentages of patients that improved > 2 classes at 12 
months were respectively 100 and 76% (Allen and colleagues), 63 and 61% (Burkhoff 
and colleagues), 70 and 72%) (Frazicr and colleagues), 27 and 25% (Schofield and 
colleagues) and 24 and 39% (Aaberge and colleagues). These numbers indicate that the 
benefit of TMLR on angina is most pronounced in the patients with most severe angina, 
i.e. those with NYHA / CCS class IV. The results of our study show that in that patient 
group XeCl excimer TMLR is as effective in reducing angina as CO2 and Ho:YAG 
TMLR. 

Given the results above, surprisingly we did not find any evidence for increased 
exercise time. Three of four randomised studies that assessed exercise time did report 
significant improvements in the TMLR group (table 5). We have no explanation for our 
finding but consider it unlikely that the absence of improved exercise time in our study 
can be attributed to the use of the excimer laser. 
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Laser 
Settings: 

power / pulse 
pulse duration 
energy / pulse 

beam / fibre diameter 
# pulses channel 

# channels 

n (TMLR/Med) 

> 2 angina 
classes relief § 

Mortality 

Exercise test 

Perfusion 

/ patient 

TMLR 
Med 

TMLR 
Med 

TMLR 
Med 

TMLR 
Med 

Schofield 
[154| 
C02 

n.s. 
n.s. 

25 - 60 J 
1 mm 

1 
6-75(30) 

94/94 

25% * 
4% 

11% 
4% 

+ 16% 
+ 2% 

n.s. 
n.s. 

Burkhoff 
[152| 

Ho:YAG 

n.s. 
n.s. 
n.s. 
n.s. 
n.s. 

9-42(18) 

92/90 

6 1 % * 
11% 

5% 
10% 

+ 17%* 
- 12% 

n.s. 
n.s. 

Frazier 
[153| 
C02 

n.s. 
n.s. 

21 -57 J 
1 mm 

1 
36+13 

91/101 

72% * 
13% 

15% 
21% 

n.p. 
n.p. 

- 20% t 
+ 27% 

(# defects / pt) 

Allen 
[1511 

Ho:YAG 

6-8 W 
n.s. 
n.s. 

1 mm 
n.s. 

39+11 

132/ 143 

76% * 
32% 

16% 
12% 

5.0 MET J 
3.9 MET 

+ 1.3%'" 
+ 0.5% 
(pts) 

Aaberge 
[155| 
CO; 

1 kW 
30 - 50 ms 
30 - 50 J 

1 mm 
1 

48 + 7 

50/50 

39% f 
0% 

12% 
8% 

+ 16% t 
- 1% 

n.r. 
n.r. 

This study 

XeCl excimer 

336 - 363 kW 
I 10 ns 

37-40 mJ 
1 mm 

12-20 
46+ 10 

15/ 15 

79% 
0% 

7% 
0% 

+ 54s 
-41 s 

- 19% 
- 10% 
(SDS) 

Table 5. Results of the five published randomised studies compared to the current study. * p < 0.001 compared to 
control; t p < 0.01 compared to control; t p < 0.05 compared to control: # number; § the NYHA classification was used 
in this study and the study by Aaberge, the other 4 studies used the CCS classification: " percentage of patients with 
improved perfusion; MET = metabolic equivalents (test not performed at baseline); Med = medication; n = number of 
patients; n.p. = not performed; n.r. = not reported; n.s. = not specified; pt(s) = patient(s); s = seconds; SDS = mean 
summed difference score. 

Medical treatment, mortality and morbidity 
In the TMLR group, medical treatment did not change significantly with exception of a 
decreased sublingual nitroglycerin use which was not observed in the medication group. 
One patient died peri-operatively due to a myocardial infarction, bringing the mortality 
in the TMLR group to 6.7% (vs. 0% in the medication group). Mortality was not 
different from the other five randomised trials which reported mortality rates of 5-16% 
in the TMLR groups vs. 4-21% in the medication groups (table 5). 

Overall morbidity and hospital admittance was similar (and low) in both the TMLR 
and medication group except for myocardial infarctions, which occurred more in the 
TMLR group than in the medication group (respectively 5 vs. 0 infarctions). The 
morbidity (and mortality) in the TMLR group mainly occurred in the peri-operative 
period, indicating that when patients survive this period, morbidity and mortality are 
similar between TMLR and medication treated patients. This emphasises the importance 
of adequate post-operative care in TMLR-treated patients. However, in our opinion the 
complication rate is acceptable, given the impressive subjective improvement in the 
majority of TMLR-treated patients. 

Myocardial perfusion and function 
We did not find any changes in myocardial perfusion although, compared to baseline, at 
12 months a significant decrease in reversible wall motion abnormalities was observed 
in the TMLR group, as well as an increase in the fixed WMA score. The latter result did 
not correlate with myocardial infarction as detected with CK-MB's. We hypothesise that 
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these differences are due to differences in sensitivity and specificity of perfusion 
scintigraphy and stress echocardiography in patients with severe three vessel disease 
[225]. The perfusion result (no change after TMLR) correlates with the findings of 4 of 
the 5 other randomised studies (see table 5 and chapter VI of this thesis). 

Further comparison with other lasers 
Table 5 gives an overview of results of the currently avalaible randomised trials at 
baseline and at 12 month follow up. TMLR using a C02, Holmium:YAG or excimer 
laser results in laser-specific formation of channels with a particular shape and diameter 
and with varying degrees of myocardial thermal and mechanical damage (see 
chapter II). Whatever the working mechanism of TMLR may be, differences in laser-
tissue interaction seem to translate into only small differences in therapeutic efficacy. 
Overall, in four of the earlier randomised studies using a CO: or Holmium:YAG laser, 
TMLR was recommended [151-153,155,208,209] and in one study, because of a (not 
significantly) higher mortality in the TMLR group, TMLR was not advocated [154]. In 
general, the results of our study are in accordance with the results of the other studies, 
since in all randomised trials, including this one, TMLR was effective in relieving 
angina, and in most trials an improved quality of life was demonstrated. Given the small 
differences in efficacy and the lack of a randomised comparison between the various 
lasers, currently the costs (of purchase, maintenance and required disposables) and the 
quality of technical support could be the factors that predominantly determine the choice 
of laser for TMLR. 

Patients with a high peri-operative risk 
This and other randomised TMLR studies have shown that, with proper patient 
selection, TMLR can be performed safely, with a mortality and morbidity that is 
comparable to CABG. However, in patients with a high peri-operative risk due to severe 
co-morbidity or a very low LVEF, we believe that other experimental approaches such 
as spinal cord stimulation [32] should first be considered. Comparing randomised 
studies are required to establish whether such therapies are similarly effective whilst 
having a reduced patient risk. 

Conclusion 
In conclusion, treatment of refractory angina with XeCl excimer TMLR gives similar 
results as earlier randomised C02 and Ho:YAG TMLR studies, showing a relief of 
angina with minimal evidence of improved myocardial perfusion or function. 
Consequently, TMLR is primarily a symptomatic treatment with results that are 
comparable with other treatments, including revascularisation strategies. Therefore, in 
patients with severe angina refractory to conventional treatment, XeCl excimer TMLR is 
a valuable option. 
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Chapter IX-B 
Abstract 

This study assessed the quality of life (QOL) in a randomised clinical trial investigating 
transmyocardial laser revascularisation (TMLR) as a treatment for severe refractory 
angina pectoris. 

Thirty patients were randomised to receive either XeCl excimer TMLR in 
combination with maximal cardiac medication, or maximal cardiac medication alone. 
QOL was assessed at baseline, 1, 3, 6 and 12 months using three different 
questionnaires: The Medical Outcomes Study Short Form-24 (MOS, 7 domains), the 
Seattle Angina Questionnaire (SAQ, 5 domains) and the EuroQoi Standardised 
Questionnaire (5 domains and a Visual Analogue Scale, VAS). The MOS and EuroQoi 
are general health questionnaires and the SAQ is a disease (angina) specific 
questionnaire. The primary outcome measure was the change in score between baseline 
and 12 months. 

TMLR treated patients scored significantly better compared to medicated patients in 
the EuroQoi usual activity domain, the EuroQoi VAS, the MOS social functioning, 
energy, general health and bodily pain domains and in the SAQ physical limitation, 
angina frequency and disease perception domains. 

In conclusion, QOL significantly improved after XeCl excimer TMLR compared to 
medication. These results are similar to the improvements in QOL that have been 
reported following C02 and Ho:YAG TMLR. 
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Introduction 

For the growing number of patients with severe angina pectoris refractory to standard 
treatments, improvement in quality of life (together with angina) is the most important 
goal of possible therapies. For one of these therapies, transmyocardial laser 
revascularisation (TMLR), encouraging improvements in quality of life have been 
reported in randomised studies using C02 or Ho:YAG lasers [151-153,209]. For the 
third clinically used laser, the XeCl excimer laser, uncontrolled studies have also 
reported promising clinical improvements [180,181]. We present here the quality of life 
results of the first randomised study comparing XeCl excimer TMLR with maximal 
medication. 

Methods 

For a description of the study design, patient selection, randomisation and total clinical 
assessment, see chapter IX-A. In short, 30 patients with refractory angina and detectable 
reversible myocardial ischaemia were included in the study and randomised in pairs 
between (immediate) stand-alone XeCl excimer TMLR in combination with maximal 
cardiac medication or maximal cardiac medication alone. Patients assigned to maximal 
medication alone were treated as such for at least one year. These patients were also 
offered TMLR after one year, that is after completion of the present study. 

Quality of life was assessed using validated Dutch versions of three different health 
questionnaires: The Medical Outcomes Study Short-Form 24 (MOS, which is derived 
from the MOS-SF36 [226]), the Seattle Angina Questionnaire (SAQ) [217] and the 
EuroQol Standardised Questionnaire [218]. Table 1 gives an overview of the 
questionnaires and their domains. 

The MOS consists of 24 multiple-choice questions, which are subdivided in seven 
different health domains: Physical functioning, role functioning, social functioning, 
mental health, energy, general health and bodily pain. For each domain, the specific 
question scores are calculated into a domain score (from 0-100%). 

The SAQ consists of 19 multiple-choice questions which are subdivided in five 
domains: Physical limitation, anginal stability, angina frequency, treatment satisfaction 
and disease perception / quality of life. Again, individual domain scores (from 0-100%) 
are calculated from the scores of the specific questions. 

The Euroqol is composed of two parts. The first part consists of five multiple choice 
questions, one for each of the following domains: Mobility, self-care, usual activities, 
pain / discomfort and anxiety / depression. Each question can be scored as: Having no 
problems (score = 3), some problems (score = 2) or severe problems (score = 1). Per 
domain question, we subtracted the baseline scores from the 12 month scores, resulting 
in an 'change-score' per domain per patient (a positive score indicates less problems at 
12 months). The second part of the Euroqol consists of a Visual Analogue Scale (VAS). 
The VAS is a line that runs from 0% (worst imaginable health) to 100% (best imaginable 
health) on which patients directly score their perceived health status. 
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Domain 
Physical functioning 
Role functioning 
Social functioning 
Mental health 
Energy 
General health 
Bodily pain 

Physical limitation 
Angina stability 
Angina frequency 
Treatment satisfaction 
Disease perception (DP) / QOL 

Mobilitv 
Self care 
Usual activities 
Pain / discomfort 
Anxiety depression 
Visual analogue scale 

# Questions 
6 
2 
1 
5 
4 
5 
1 

9 
1 
2 
4 
3 

1 
1 
1 
] 

1 
1 

Possible scores 
0-100% 
0-100% 
0-100% 
0-100% 
0-100% 
0-100% 
0-100% 

0-100% 
0-100% 
0-100% 
0-100% 
0-100% 

1-3 
1-3 
1-3 
1-3 
1-3 

0-100% 

High score indicates 
good physical functioning 

good role functioning 
good social functioning 

izood mental health 
much energy 

good general health 
much bodily pain 

no physical limitation 
high angina stability 
low angina frequency-

high treatment satisfaction 
good DP / QOL 

not impaired 

not impaired 
not impaired 

no pain discomfort 
not anxious / depressive 

good general health 
Table 1. Domains of the EuroQol, MOS and SAQ. ii - number; QOL = quality of life. 

As shown in table 1, in general, higher MOS, SAQ and EuroQol domain scores indicate 
better physical, mental or social health. For the SAQ-physical limitation and SAQ-
angina frequency domains higher scores respectively indicate less physical limitation 
and less frequent angina (which also corresponds to better health). The only exception is 
the MOS-bodily pain domain, where a higher score indicates more pain. 

Outcome measure, statistics and missing data analysis 
The primary QOL outcome measure was the change in score between baseline and 

12 months. Thus, for each of the 18 MOS, SAQ and Euroqol domains and for the 
Euroqol VAS, this change was compared between the TMLR and medication group. 
Furthermore, comparison of the average baseline domain scores was performed between 
the TMLR and medication group. For descriptive purposes only, the scores were also 
compared between the two groups at 1, 3, 6 and 12 months for each domain. All 
comparisons were performed with 2-tailed independent-sample /-tests (with Statistical 
Program for Social Sciences (SPSS) software, version 11.0). Results are presented as 
means with standard deviations. 

In both groups, missing QOL scores were substituted using linear interpolation, 
except when the 1 month follow up (FU) was missing in the TMLR group. Then, the 
average (TMLR) group changes were used to calculate substitutes for the missing 
values. In case of missing data due to mortality, the last observations obtained before 
death were used as input for the remaining FU moments ('last observation carried 
forward'). 

Results 

For a description of the results other than quality of life, see chapter IX-A. One patient 
died in the TMLR group, none in the control group. None of the patients were lost to 
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follow up. At baseline, no data were missing for both groups. At one month FU, 
3 patients in the TMLR group vs. 2 patients in the medication group did not complete 
their questionnaires. At 3 and 6 months FU, this was the case for 3 vs. 0 and 2 vs. 
1 patient respectively. At 12 months FU, no data were missing. 

Results of the MOS-24 and SAQ domains and of the Euroqol VAS are presented in 
figures 1, 2 and 3 respectively. There were no baseline differences between the TMLR 
and the medication group except for the MOS-physical functioning and the SAQ-
treatment satisfaction domains where the TMLR group scored significantly higher than 
the medication group. The domains social functioning (MOS), energy (MOS), general 
health (MOS), physical limitation (SAQ), angina frequency (SAQ), disease perception 
(SAQ) and the VAS (p = 0.004) were significantly more improved between baseline and 
12 months in the TMLR group than in the medication group. Bodily pain (MOS) was 
significantly more decreased between baseline and 12 months in the TMLR group 
compared to the medication group. In the remaining MOS and SAQ domains (MOS-
physical functioning, MOS-role functioning, MOS-mental health, SAQ-angina stability 
and SAQ-treatment satisfaction) no significant differences between the TMLR and the 
medication group were observed. 

The comparisons made for descriptive purposes of average MOS and SAQ domain 
scores and Euroqol VAS scores between the TMLR and medication group showed 
significantly higher scores in the TMLR group in all domains and the VAS at 3 and 
6 months, and in 10 out of 12 MOS and SAQ domains and the VAS at 12 months (see 
figures 1, 2 and 3). 

Results of the 5 Euroqol domains are presented in table 2. There were no baseline 
differences in scores between the TMLR and the medication group. When comparing 
the change-scores (baseline score minus 12 months score) only the 'usual activities' 
domain was significantly improved in the TMLR group vs. the medication group. The 
descriptive comparisons between the TMLR and medication group at 1, 3, 6 and 
12 months also showed higher scores in the TMLR group at different FU moments in all 
the other domains (last 4 columns of table 2). 

Domain 

Mobility 
Self care 
Usual activities 
Pain / discomfort 
Anxiety ' depression 

TMLR* 
Baseline 
2.3 ± 0.4 
2.7 ±0.5 
1.9 ±0.5 
1.8 ±0.7 
2.5 ±0.7 

12 months 
2.3 ±0.5 
2.9 ±0.4 
2.5 ±0.5 
2.2 ±0.6 
2.7 ±0.6 

Medication * 
Baseline 
2.1 ±0.3 
2.7 ±0.5 
1.7 ±0.6 
1.8-0.4 
2.3 ±0.5 

12 months 
2.3 ±0.5 
2.6 ±0.5 
1.7 ±0.6 
1.8 ±0.7 
2.2 ±0.7 

p change 
bl-12mt 

U . S . 

n.s. 
0.003 
n.s. 
n.s. 

p TMLR vs. 
1 m 3 m 
0.03 
n.s. 
n.s. 
n.s. 
n.s. 

n.s. 
0.02 
0.00 
0.00 
0.02 

Medica 
6 m 
0.00 
n.s. 
0.00 
0.00 
0.02 

ion i 
12m 
n.s. 
n.s. 
0.00 
n.s. 
0.03 

Table 2. Results of the five EuroQol domains. Scores are on a scale of 1-3 and higher scores indicate belter health. 
* values are mean ± standard deviation; t the change between baseline and 12 months was compared between the TMLR 
and control group (primary outcome measure); % for descriptive purposes only, TMLR and medication were also 
compared at each FU moment; bl = baseline; m = months; n.s. = non-significant (p > 0.05). 

Discussion 

Patients with severe refractory angina usually have a poor quality of life. They are 
heavily disabled by their angina in daily life, which not only results in a limitation of 
their physical possibilities, but can also negatively affect their mental state and social life 
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Figure 1 A-G. Medical Outcomes Study Short Form domain scores. For the domains social functioning (Cj. energy 
(E), general health (F) and bodily pain (G), the change between baseline and 12 months was significantly greater in the 
TMLR group compared to the medication group (primary outcome measure), indicating better health in the TMLR group. 
Furthermore, for descriptive purposes only, comparison between the TMLR and medication group was performed at each 
time point (statistical significance (p < 0.05) indicated with*), t = level of significance for the change in score (between 
baseline and 12 months) compared between the TMLR and medication group. Pre = pre-operative (= baseline); 
m = month(s): QOL = quality of life. 
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Figure 2 A-E. Seattle Angina Questionnaire domain scores. For the domains physical limitation (A), angina frequency 
(C) and disease perception (E), the change between baseline and 12 months was significantly greater in the TMLR group 
compared to the medication group (primary outcome measure), indicating better health in the TMLR group. 
Furthermore, for descriptive purposes only, comparison between the TMLR and medication group was performed a! each 
time point (statistical significance (p < 0.05) indicated with*), f = level of significance for the change in score (between 
baseline and 12 months) compared between the TMLR and medication group. Pre = pre-operative (= baseline); 
m = month(s); QOL = quality of life. 
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Figure 3. Scores of the EuroQol Standardised Questionnaire's Visual Analogue Scale. The change between baseline 
and 12 months was significantly greater in the TMLR group compared to the medication group (primary outcome 
measure), indicating better health in the TMLR group. Furthermore, for descriptive purposes only, comparison between 
the TMLR and medication group was performed at each time point (statistical significance (p < 0.05) indicated with*). 
t = level of significance for the change in score (between baseline and 12 months) compared between the TMLR and 
medication group. Pre = pre-operative (= baseline); m = month(s); QOL = quality of life. 
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(also observed in this study as indicated by the low baseline QOL scores). Therefore, 
when evaluating the effect of alternative therapies in these patients, quality of life (and 
angina) should be the most important endpoint. 

In the study presented here, significantly improved quality of life was found at 
12 months in the XeCl excimer TMLR group (compared to the medication group). The 
improvement was observed in the MOS social functioning, energy, general health and 
bodily pain domains, in the SAQ physical limitation, angina frequency and disease 
perception domains and in the Euroqol usual activities domain and the EuroQoI visual 
analogue scale. Five of the MOS and SAQ domains did not improve significantly. Of 
these 5 domains, 2 already showed a significant difference at baseline (MOS-physical 
functioning and SAQ-treatment satisfaction). Since the QOL assessment was performed 
after randomisation, the difference in baseline SAQ-treatment satisfaction score could 
express that patients were more satisfied with their treatment if they were randomised 
into the TMLR group. This positive bias might also have played a role in the baseline 
difference in the MOS-PF domain. It is furthermore possible that this bias may also have 
played a role for the medication patients. With the SAQ-treatment satisfaction domain 
for instance, the significant baseline difference had disappeared at 12 months, when the 
medication group came close to receiving TMLR. Therefore, the differences between 
the TMLR and medication group might have been even greater if, at baseline, the 
medication group had not been offered treatment one year after randomisation. 

The EuroQoI mobility, self care, pain / discomfort and anxiety / depression domains 
were not significantly more improved in the TMLR group than in the medication group 
(according to the primary outcome measure). However, in the descriptive comparisons 
at the different FU moments, indications for differences were observed (table 2). The 
variation in these differences (especially in the mobility domain) is probable due to the 
fact that each domain consists of only one question (with only three answers per 
question) which may amplify small changes. 

It is interesting to see that in all three questionnaires, there is a general tendency for 
the differences between the two groups to be most pronounced at 3, 6 and 12 months 
while the 1 month results are more similar between the two groups. The general absence 
of improvement at the 1 months FU moment is likely due to the recovery from the 
operation since (as shown in chapter IX-A) the decrease in angina was already present at 
1 month FU. 

The improvements in QOL observed in this study are similar to the improvements 
reported by other randomised TMLR studies using either C02 or Ho:YAG lasers. Four 
out of the 5 published randomised studies have also assessed QOL. One used the Duke 
Activity Status Index (Allen and colleagues, Ho:YAG laser [151]), one used the SAQ 
(Burkhoff and colleagues, Ho:YAG laser [152]), one used both the SAQ and the MOS 
(Frazier and colleagues, C02 laser [153], detailed QOL results from this last study were 
later published by Spertus and colleagues [209]) and one did not report the QOL 
assessment method nor its results (Schofield and colleagues, C02 laser [154]). The first 
3 studies reported significant improvements in the TMLR groups compared to the 
medication groups. In the study by Burkhoff, all 5 domains of the SAQ were 
significantly improved at 12 months in the TMLR group vs. the medication group. 
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When comparing the 3 improved SAQ domains of our study with the same domains of 
the study by Burkhoff, similar percenmal improvements were observed in both the 
TMLR and the medication groups. Spcrtus only presented results on 3 of the 5 SAQ 
domains (physical limitation, angina frequency and disease perception) and showed that 
these were all significantly improved in the TMLR vs. the medication group. 
Interestingly, these 3 domains were also the ones that improved significantly in the 
study reported here. Spertus furthermore divided the MOS domains into a in physical 
and a mental component and found significant improvements in both components. 
Unfortunately, the specific MOS domain results were not provided and could therefore 
not be compared to the results presented here. 

Besides TMLR, several other techniques such as percutaneous / direct myocardial 
revascularisation (PMR / DMR, similar to TMLR but channels are created endocardially 
and do not completely penetrate the left ventricular wall) and spinal cord stimulation 
(SCS) are currently in use for the treatment of refractory angina pectoris, and studies 
investigating these techniques have reported improvements in quality of life [58], which 
seem comparable to those observed in this study [37]. However, since QOL assessment 
was not performed as extensively as in this study and other QOL assessment methods 
were used, a definitive statement on which technique provides the best improvement 
cannot be made until the different techniques have been compared within one study. 

In conclusion, the results of this study show that XeCl excimer TMLR generally 
improves the quality of life at 12 months follow up of patients with severe refractory 
angina. Whether these improvements are sustained at longer follow up has to be 
awaited. 
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Chapter X 
General discussion 

Transmyocardial revascularisation has been surrounded with controversy from the very 
first beginning. After the first description of transmyocardial channel creation as a 
method of myocardial revascularisation, published by Sen and colleagues in 1965 [16], 
it did not take long for the first report contesting this myocardial revascularisation 
method to appear. In this 1969 publication, Pifarre and colleagues concluded that 
myocardial revascularisation by transmyocardial acupuncture (as it was called at the 
time) was a physiologic impossibility [23]. The discussion between TMR-believers and 
non-believers has continued throughout the 35 years that the treatment has been used 
and investigated. The fact that, today, it is still often described as an 'experimental 
treatment' for angina pectoris emphasises that the debate is long from over. Two major 
points of discussion prevail. The first is whether TMR is capable of significantly 
reducing severe angina pectoris for a sustained period of time and the second is the 
ongoing uncertainty about the working mechanism. 

Clinical efficacy 
Throughout the years, the evidence on the clinical efficacy (i.e. the reduction of 

angina) has been very strong. Although it has been claimed in the literature that 
reduction of angina is particularly accomplished when using the CO2 laser, studies 
comparing the efficacy of different lasers are lacking and in this thesis we found an 
equally impressive reduction of angina following XeCl excimer TMLR (described in 
chapter IX-A). Since CO2 (and Ho:YAG) lasers have a different mechanism of tissue 
destruction than excimer lasers (see chapter II), the comparable clinical results indicate 
that the TMLR-induced reduction of anginal symptoms is much less wavelength-
specific than anticipated. The most important clinical implication of this finding is that 
the choice of lasers for TMLR can be made from simple considerations, such as 
technical practicality and costs. For comparison, the price of a C 0 2 laser for TMLR is 
approximately € 350,000 versus approximately € 320,000 for a Ho:YAG-TMLR laser 
and approximately € 150,000 for an excimer-TMLR laser (as, at the time of writing this 
chapter, the Euro is worth more than the US dollar, prices in S are slightly higher). 

When considering the positive results in anginal reduction, the question arises why 
TMLR still is not a generally accepted treatment for angina pectoris and why the interest 
in the technique has decreased quite drastically in the past three years (indicated by the 
annual number of publications as shown in figure 1 of chapter II). One of the answers to 
this question may lie in the publication of the second randomised TMLR trial. Up until 
1999, the interest in TMR had risen steadily. Even though the working mechanism was 
still under investigation and had not been elucidated, TMR was a 'hot' item. Then, in 
1999, the second randomised clinical trial was published in the Lancet by Schofield and 
colleagues [154]. Although their results showed significant and impressive relief of 
angina (see chapter VI), the absence of more objective improvements, i.e. in myocardial 
perfusion and exercise time, in combination with a difference in mortality (which 
however was non-significant), led them to conclude that TMLR could not be advocated. 
This was the first clinical paper questioning the objective benefits of TMLR and 
unfortunately its very negative conclusion, which in our opinion did not represent the 
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actual results, strongly tempered the general mood of excitement. This publication has 
probably changed the perception of many clinicians towards TMLR. Even though 4 
different randomised clinical studies showed very good results shortly after, we believe 
that the general interest and belief in TMLR was severely decreased due to the negative 
conclusion of Schofield and colleagues. 

A much debated point of consideration on the clinical efficacy of TMLR is the 
relevance of the placebo effect. Fuelled by the absence of (reproducible) effects of 
TMLR on perfusion, some believe that the improvement is mainly due to the placebo 
effect. Indeed, the fact that TMLR is an option for patients who thought they were all 
out of options makes them very anxious to feel better after the treatment, thus 
introducing a placebo bias. Furthermore, anecdotal evidence of clinical improvement in 
patients who only received a thoracotomy or sternotomy without further treatment has 
been described in the past. The extent of these effects will probably never be fully 
known since it is impossible to perform a sham operation in a fully blinded TMLR 
study. Despite these explanations, in our opinion the clinical improvement cannot be 
fully explained by the placebo effect. Although it is likely that it has some effect on the 
clinical outcome, we believe that this is a short-term effect and that the long-term relief 
of angina which has been reported after TMLR [147] cannot be ascribed to placebo. 

Working mechanism 
Another reason for the declining interest in TMLR is undoubtedly the continuing search 
for definite proof of mechanism, an aim which was also an important part of this thesis. 
Dismissing the original hypothesis of direct perfusion, angiogenesis and denervation 
have been the main hypotheses for several years. These 2 hypotheses follow completely 
different paths, the first being focussed on the healing response after TMLR while the 
second is mainly focussed on the destruction induced by TMLR. In the literature both 
hypotheses have been presented with supporting as well as contrasting results. 

Angiogenesis 
For the angiogenesis hypothesis, perfusion has been a major point of discussion. In 
experimental research, angiogenesis and perfusion results appear to be well correlated 
(see chapter II). Almost all experimental studies (including the one described in this 
thesis in chapter V) have described evidence of some angiogenic responses to TMR, 
which are likely part of a normal healing response to the inflicted injury. Increased 
perfusion has been observed 4 weeks and longer after treatment, which can be attributed 
to the time needed for new vessels to grow. In human studies however, angiogenesis and 
perfusion results do not show such a good correlation. Although angiogenesis has been 
observed in several human post-mortem reports, including the one described in this 
thesis (chapter VII), increases in (subjective) myocardial perfusion have not been so 
consistent. Only one out of six randomised studies, including the one described in this 
thesis (chapter IX-A), reported a significant increase in perfusion after TMLR. 

Unfortunately, this discrepancy has overshadowed the impressive (more subjective) 
clinical improvements and it may be worthwhile to consider whether the need for hard 
evidence of increased perfusion to define treatment success of TMLR is justified. 
Besides the fact that the amount of anginal pain does not linearly correlate to the amount 
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of ischaemia, the method of assessment of perfusion is a point of consideration. 
Currently, the gold standard is myocardial perfusion scintigraphy which clearly displays 
changes in myocardial perfusion after for instance coronary angioplasty and coronary 
bypass surgery. However, the clear changes following these treatments may have 
generated expectations for TMLR-induced changes in perfusion which are far too high. 
In coronary angioplasty and bypass surgery, epicardial arteries with a diameter of 
several mm are either reopened or replaced. When successful, these techniques provide 
a significant increase in perfusion which can clearly be visualised with myocardial 
perfusion scintigraphy. In TMLR however, the hypothesised increase in myocardial 
blood flow is accomplished through a completely different mechanism. Instead of 
epicardial vessels with a diameter of several mm which are reopened or grafted in PTCA 
or CABG. a TMLR induced increase in perfusion, if any, would have to be 
accomplished by much smaller vessels with a diameter of < 100 urn (see chapter V). 
Furthermore, the latter vessels can not accomplish nearly as much reperfusion as a 
grafted, dottered or stented coronary artery since, due to their location, they are not 
connected to a complete myocardial area as are the epicardial arteries. Therefore, the 
increase in perfusion is expected to be much smaller and may not be visible on perfusion 
scintigraphy. However, considering that angina pectoris occurs relatively late in the 
cascade of events following an ischaemic insult, it can be hypothesised that although an 
increase in perfusion may be too small to be detected by perfusion scintigraphy, it may 
be sufficient to decrease the severity of an ischaemic insult to below the level of 
sensitisation of cardiac nociceptors. Therefore, we hypothesise that even when a clear 
increase in myocardial perfusion on scintigraphy is not observed, angiogenesis may still 
play a role in anginal relief following TMLR. 

Denervation 
Denervation as a mechanism of anginal pain reduction following TMLR has been much 
less investigated than angiogenesis. Experimental studies have reported conflicting 
results and it has been difficult to draw a definite conclusion based on these results. 
However, in the clinical denervation study described in this thesis (chapter VIII) clear 
evidence for TMLR-induced local myocardial denervation was observed in all 
investigated patients. These patients also experienced significant relief of angina and 
improved quality of life, suggesting a correlation between local changes in innervation 
and symptomatic status. Another observation which seems to point to the denervation 
hypothesis is that many patients who are treated with TMLR experience relief of angina 
within days after the treatment. This cannot be explained by the angiogenesis hypothesis 
since it takes some time for the new vessels to grow. However, it does correlate with the 
quickly induced damage on which the denervation hypothesis is based. The denervation-
evidence seems even more convincing when the results of TMLR are compared with 
PMR results. While randomised TMLR studies have unanimously reported significant 
clinical benefit, recent clinical PMR studies have reported disappointing results in 
angina relief [179]. Furthermore, experimental PMR studies [222] have reported 
negligible effects on denervation (see also chapter II). PMR not only causes much less 
myocardial damage due to non-transmural penetration, but the relatively large bundles 
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of epicardially located nerve fibres are also unaffected. This supports denervation as a 
likely explanation for the observed decrease of anginal symptoms following TMLR. 

Conclusion 
Clinical efficacy 
When considering the first aim of this thesis, i.e. to investigate the clinical efficacy of 
XeCl excimer TMLR for the treatment of severe angina pectoris, we can conclude that 
TMLR using a XeCl excimer laser is highly effective in relieving angina pectoris and 
improving quality of life, at least up to 12 months. Whether the long-term results 
(> 1 year follow up) of XeCl excimer TMLR are also as good as reported for the CO2 
laser has to be awaited. 

Working mechanism 
Considering the second aim of this thesis, i.e. to gain insight into angiogenesis and 
denervation as possible working mechanisms of TMLR, experimental and clinical 
evidence do not correspond well. The experimental evidence for the angiogenesis 
hypothesis consists of almost uniformly observed high vascular density in the TMLR 
channel scars (likely due to a nonnal healing response to the injury, see chapter V), as 
well as some evidence of increased perfusion. Clinically however, the only evidence is 
the angiogenesis observed in and around channel scars at post-mortem investigations. 
Although experimental denervation evidence is present, it has also been contested in 
animal studies (see chapter II). Currently, only 2 studies (including the one described in 
chapter VIII) have clinically assessed denervation and both found evidence of 
myocardial denervation after TMLR. Furthermore, the rapid clinical improvement 
observed in some TMLR patients can be explained by denervation. In conclusion, based 
on the experimental evidence no definite conclusion can be drawn. However, clinically 
there is currently more evidence for the denervation hypothesis than for the angiogenesis 
hypothesis (and perhaps the treatment should therefore be referred to as transmyocardial 
laser denervation). 

Several interesting research options remain to further clarify the working mechanism. 
In our opinion, this should mainly be clinically oriented. One interesting option that is 
currently indicated is a controlled denervation study, which would contribute to the 
clinical evidence. Another option is to further investigate whether a possible small 
increase in perfusion (too small to be detected with SPECT or PET) is present after 
TMLR and whether this could account for the decrease in angina. Other assessment 
methods such as contrast magnetic resonance imaging may be useful for this purpose in 
the future. 

Implications 
In our opinion the most important implication of this thesis can be drawn from the 
denervation study described in chapter VIII. With the presented evidence, it might be 
questioned whether TMLR should be the first choice to treat severe refractory angina. 
Although clinical efficacy has been clearly demonstrated for CO2, Ho:YAG, and now 
also for excimer TMLR, all randomised clinical trials on TMLR vs. medication show a 
slightly higher (mainly peri-operative) mortality in the TMLR groups. Although this 
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mortality was non-significantly different from controls (medication) in all randomised 
studies, the operative risk of TMLR should be weighed carefully in each individual 
patient. In some cases, it may therefore be more suitable to first try less invasive 
therapeutic options which also intervene in the nervous system (such as spinal cord 
stimulation). If these options prove not to be effective, then, in our opinion, TMLR is a 
valuable alternative. Unfortunately, since the described treatments are not widely used 
and accepted, clinical experience in the treatment of refractory angina is often limited to 
very few (if any) treatment options per medical centre. With this in mind, and with the 
observation that the number of patients with refractory angina is increasing, it would be 
beneficial to have medical centres which specialise in the treatment of refractory angina. 
If these centres would have the knowledge and skill to offer several treatment options, 
this would not only be beneficial to the patients (each patient can receive the treatment 
most suitable for his / her specific situation) but also provide the possibility of further 
research in comparing the efficacy of the different options. 

As a final note, it seems unfortunate that mechanistic uncertainty can be a limiting 
factor in the acceptance of a therapy which has been shown to be clinically effective. 
This is not exclusive for TMLR but has been the case for several other 'experimental' 
therapies showing good clinical results (such as spinal cord stimulation). On the other 
hand there are also many examples of therapies which have been clinically accepted 
while the scientific knowledge of their working mechanism is incomplete. Apparently, 
the maturation of a therapy from 'experimental' to "accepted' is not only based on 
evidence of efficacy and the scientific understanding of its working mechanism. In the 
case of TMLR, this probably means that despite the demonstrated relief of angina, the 
treatment will not be fully accepted until the mechanistic questions have been answered 
sufficiently. 

However, despite the unquestionable importance of practicing evidence based 
medicine, the primary aim should be the health of the patient, especially in end-stage 
diseases such as severe refractory angina pectoris. After all, from the patients' 
perspective, relief from anginal symptoms is the primary concern and understanding the 
underlying working mechanism is much less important. Perhaps it is in the best interest 
of these patients if this perspective would be shared by the treating physicians. In the 
end, the most important point is that it has been scientifically proven that patients with 
severe refractory angina can benefit from TMLR and that therefore, with carefull 
consideration of the operative risks, this treatment should not be withheld. 
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Colour illustrations 

Chapter I 

Figure 2. F.picardial surface after TYILR. 
The large arrow indicates the pericardium 
and the small arrows indicate epieardial 
openings of TMLR channels (not all channels 
indicated). 

Chapter III 

For figures 1 and 2 see next two pages (146 and 147). 
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Figure 3: Myocardium of an SHR (3A) and a Wistar rat (3B) stained with the pimonida/ole hypoxia staining 
method. //; the SHR myocardium, clusters of (brown) stained cells could be observed (indicated by the arrows/. In the 
Wistar myocardium, staining was much less frequent and only observed in individual cells (the arrows indicate 2 stained 
ee/ls). Original magnification x 20. 
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( ' i i l i i u r illustrations 

Chapter III (continued) 

x40 x400 
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Figure I. F.lastin van Cieson stained myocardium of a 12 month old SHR (A,- ;), a health) Wistar rat (B, :) and the 
first patient (C1+2). In both the human and SHR myocardium, extensive areas oj < ollagen (red) are dispersed throughout 
myocardial tissue (green-brown). In Wistar myocardium, collagen content is much lower. A -(. . original magnification 
v 40. . ) - ( ' - . original magnification x -411(1. LY left ventricular c;i\ ity. 
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Chapter III (continued) 
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Figure 2. F.lastin van Gieson 
stained transmvocardial laser 
ehannel sears, created in SHR 
(A,.<) and human 
myocardium ( B u ) . Ap. XeCl 
excimer laser in a SHR; Ay. 
Ho.YSGG laser in a SHR; A3: 
CO; laser in a SHR; By. XeCl 
exe inter laser in the second 
patient; B:: Ho:YAG laser in 
the third patient; B:; CO; laser 
in human myocardium (courtesy 
qf Dr. Daniel Burkhoff f 101 J; 
reprinted with permission from 
the Society of Thoracic 
Surgeons). In SHR, channels 
treated with the CO; and 
excimer lasers had similar 
appearances and consisted of a 
slim, linear strand of fibrous 
tissue t.\: and A J. Some 
extension of collagen into the 
surrounding tissue was 

observed, however this was 
mainly oriented parallel to the 
channel direction (arrow in Ay. 
Ho.YSGG channel scars (Aj 
were much wider than CO; and 
excimer channel scars and 
showed lateral penetration of 
fibrotic tissue into the 
surrounding myocardium 

/arrow in A;} which was not 
observed with in CO; and 
excimer scars. Similar 

differences in shape between 
excimer. holmium and CO2 
laser channel scars were 
observed in the human 
myocardium tB..,/. The larger 
size of the human channels is 
due to the larger diameter 
fibres used for TMLR (1 mm for 
the XeCl excimer and 1.9 mm 

for the Ho.YAG laser): 
u = micrometer. 
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Colour illustrations 

Chapter V 

5 0 0 u 5 0 0 u 3 ( % 

Figure I. Different types of cd3l stained COj channel scars. A andB: two channel scars observed in the same hear! 
with completely different morphology and number ofintra-scar vessels. The open spaces seen in sear B were lined with 
cd31 stained endothelium. ( : channel sear consisting oj a concentric oriented centre oj tibrotic tissue (with few vesselsi 
and peripheral extension where the vessel density is much higher; u = micrometer. 

1 

'%? . 

B 

i 
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Figure 2. Cd31 stained HorYSGG channel scar. A: fibrotic scar with intra-scar vessels lone indicated by arrow), 
mainly in the periphery oj the scar (original magnification x 4(1); B: close up oj A. The single-headed arrow indicates the 
same vessel indicated in A, The two-headed arrow indicates a transition zone there 200 nm in width) with decreased 
capillary density and random orientation of myocardium. The small i in les indicate examples oj all 1-stained capillaries 
(original magnification x 100); ji micrometer. 
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Chapter V (continued) 

,' 

Figure 3. Example of a cd31 stained XeCI excimer channel scar. Vessels found inside 
(hese scars were relatively small. Only very rarely a larger vessel /diameter > 2lt uitu was 
present. No extension oj vascular growth into the surrounding myocardium was observed; 
u - micrometer 

100u 

Chapter VIII 

Pre-operative Post-operative Subtraction (A-B) 

Figure 3. Bull's eye representation of myocardial innervation and perfusion in a representative case (patient nr. 4) 
showing denervation after I MIR. Eight months past-operative 1-MIBC scintigraphy (panel Bi shows, compared to 
pre-operative /panel A). aniero-Iaterallv decreased uptake corresponding with the TMLR-treated area. Panel C displays 
the difference between pre- and post-operative l-MIBG scintigraphy, compatible with denervation in the TMLR-treated 
area. No improvement in ischaemia was observed in the TMLR-treated area 12 months post-operative /panel E) 
compared to pre-operative /panel D, both panels displayed a\ reversibility plots}. The level oj radio-activity (panels A 
and Hi and difference <('. / ' and Id is encoded from low (black) via medium (yellow) to high /white). Panel I' shows the 
18-segment model oj the left ventrule: 4 basal. 6 mid-ventricular, 6pre-apical and 2 apical segments. The grey segments, 
representing the membranous part "/ the inter-ventricular septum, were excluded in all analyses. 

egments never treated by TMI.R; MPS myocardial perfusion scintigraphy; ANT = anterior; LAI lateral; INI 
inferior; SI I' I septal. 
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Summary 

Chapter I starts with a general introduction to the clinical problem of angina pectoris 
and the various (historical) treatment methods that are used. Furthermore, it provides a 
general introduction to transmyocardial laser revascularisation (TMLR) and describes 
the aim and structure of the thesis. 

Chapter II provides an extensive and critical overview of the experimental research that 
has been published on transmyocardial revascularisation (using lasers or other methods). 
In the past 35 years many experimental studies have been performed to investigate the 
revascularisation potential of transmyocardial revascularisation and the possible 
working mechanisms underlying the observed clinical improvement in angina pectoris 
following this treatment. The various methods that have been used to create 
transmyocardial channels are described and the most investigated and supported 
hypotheses of the working mechanism (i.e. perfusion from the left ventricle through 
patent and endothelialised channels, laser-induced angiogenesis resulting in an increased 
vessel density and blood supply and laser-induced destruction of myocardial nociceptors 
and/or neural tissue resulting in a decrease of angina) are discussed and evaluated. The 
conclusion of the review is that important experimental evidence has been published 
supporting both the angiogenesis and the denervation hypothesis. 

Chapter III describes the evaluation of the spontaneously hypertensive rat (SHR) as an 
animal model for TMLR research. Animal models currently used in TMLR research 
lack the typical morphologic characteristics observed in patients with chronic 
myocardial ischaemia, i.e. increased myocardial fibrosis. As this morphologic pathology 
has also been described to occur in patients with systemic hypertension, we have 
investigated the suitability of a hypertensive animal, the SHR, as an animal model for 
TMLR research. The myocardial pathology of the SHR was compared with the 
myocardial pathology of 3 TMLR (eligible) patients, as well as the reaction to TMLR in 
SHR and human myocardium. Furthermore, we used a specific hypoxia stain to compare 
SHR myocardium to (healthy) Wistar rat myocardium. The results showed that SHR 
myocardium and myocardium of patients with chronic ischaemia have comparable 
myocardial characteristics, i.e. hypertrophy and fibrosis. The myocardial reaction to 
TMLR was similar in SHR and TMLR patients, showing comparable morphology of 
fibrotic TMLR channel remnants. The hypoxia staining method showed more hypoxic 
cells in SHR than in Wistar control myocardium. In conclusion, the similarities between 
SHR and human chronic ischaemic myocardium make the SHR a suitable model for 
TMLR research. 

In chapter IV a new surgical technique is presented to perform open-heart surgery on 
laboratory rats. Access to the heart in laboratory rats (in survival experiments) is usually 
performed via a median sternotomy or a lateral thoracotomy. However, relatively high 
operative mortality and insufficient access can limit the use of these techniques. An 
alternative, less traumatic approach to the in vivo rat heart, with improved survival, is 
described. The technique uses a median laparotomy extending alongside the xyphoid 
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bone. The xyphoid bone is retracted in a rostral direction and a T-shaped cut is made in 
the diaphragm, opening the thoracic cavity. Using a retractor the opening in the 
diaphragm is kept open and the heart is exposed. This abdominal approach was 
performed in 23 anaesthetised and mechanically ventilated (for 2 hours) rats and we 
found physiologic intra-operative heamodynamics, a good post-operative recovery and 
0% mortality. 

Chapter V describes an investigation of the angiogenic effect of C02, Ho:YSGG and 
XeCl excimer TMLR in the spontaneously hypertensive rat. Two channels were created 
per heart and the animals were sacrificed after 14 days. Vessels (both in- and excluding 
capillaries) in TMLR channel scars were counted and correlated to the surface area size 
of the scar (resulting in a vessel density). Furthermore, extension of vascular growth 
outside the channel scars was assessed. Ho:YSGG TMLR resulted in the largest scars, 
followed by C02 and excimer scars. Although the vessel numbers including capillaries 
in the scars differed between the three lasers, these differences disappeared 
(~ 130 vessels / mm2 in all 3 groups) when they were correlated to the size of the scars. 
However, the vessel densities were much lower than in control areas (~ 2100 vessels / 
mm"). Vessel densities excluding capillaries were significantly higher in Ho:YSGG and 
CO2 scars compared to excimer scars (10.2 ± 4.8, 7.1 ± 5.2 and 2.3 ± 4.4 respectively, 
p < 0.05), while only Ho:YSGG scars contained significantly more large vessels than 
control areas (10.2 ± 4.8 vs. 4.6 ± 1.3, p < 0.001). In all 3 groups, extension of vascular 
growth into adjacent myocardium was observed only rarely. These results indicate that 
the angiogenic response following TMLR is limited to the channel scar and related to 
the scar size rather than the specific laser type that is used to create the channels. 
Therefore, any beneficial effect of TMLR-induced angiogenesis is expected to occur 
only with relatively large scars. Such scars can however likely be created with any of the 
3 laser types by varying the specific laser-settings. 

Chapter VI gives an overview of the current clinical TMLR literature. It describes and 
compares both uncontrolled studies on C02, Ho:YAG and XeCl excimer TMLR as well 
as the randomised C02 or Ho:YAG laser clinical trials that have been published. The 
conclusion of this chapter is that all studies with the 3 clinically used lasers report relief 
of angina in the majority of patients, combined with a low peri-operative mortality. 
Therefore, we conclude that, after a proper selection of patients, TMLR can be 
performed safely and effectively and should be the treatment of choice in selected 
patients. 

Chapter VII describes a histological case report of a patient that died 3 months after 
XeCl excimer TMLR. In the treated myocardium, no patent channels were found but 
scars were seen with a linear distribution and in continuity with circumscribed small 
fibrotic endocardial and epicardial scars. The scars were highly vascularised by new 
vessels, ranging from small capillaries to large thin walled, and sometimes branching 
ectatic vessels. Sprouting of vessels into the adjacent myocardium was also observed. 
These results support the hypothesis that angiogenesis plays a role in the clinical 
improvement after TMLR. 
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Summary 

In chapter VIII a clinical study investigating TMLR-induccd changes in innervation is 
described. In 8 patients, Ho:YAG or XeCl excimer TMLR was performed and 
myocardial innervation (using ':~I-MIBG SPECT scintigraphy), perfusion (using 99Tc-
TF SPECT scintigraphy), and function (using stress echocardiography) were assessed 
pre- and post-operatively. Post-operative l2,I-MIBG SPECT scintigraphy demonstrated 
myocardial denervation in all 8 patients (p = 0.00005). Using a segmental comparison of 
denervation and TMLR-treated area, we found that 86% of denervated segments could 
be correlated to TMLR. Myocardial perfusion scintigraphy and stress-echocardiography 
did not change significantly. In all patients angina was reduced with > 2 classes at 
12 months follow up and quality of life improved significantly. In conclusion, TMLR-
induced improvements of angina and quality of life may be explained by destruction of 
nociceptors or cardiac neural pathways. 

Chapters IX-A and IX-B describe the results of a randomised clinical trial investigating 
XeCl excimer TMLR as a treatment for severe refractory angina pectoris. Thirty patients 
with NYHA functional class III-IV/IV angina, a reversible defect on 99Tc-TF SPECT 
perfusion scintigraphy, a left ventricular ejection fraction (EF) > 35% and no option for 
PTCA or CABG were randomised to excimer TMLR with maximal anti-anginal 
medication (n = 15) or continued maximal anti-anginal medication alone (n = 15). 
Patients were followed during one year with assessment of angina class, quality of life 
(described separately in chapter IX-B), myocardial perfusion scintigraphy, exercise 
tolerance and stress echocardiography. One TMLR patient died peri-operatively versus 
none in the controls. In the TMLR group angina decreased from class 3.8 ± 0.4 at 
baseline to 1.9 ± 0.9 at 12 months, versus 3.9 ± 0.3 to 3.7 ± 0.6 respectively in the 
control group (p < 0.01). At 12 months, a decrease of > 2 angina classes was found in 
12 out of 14 (79%) TMLR patients versus none of the controls (p < 0.01). A decrease in 
wall motion abnormality score was found without improvement in myocardial perfusion 
or exercise time. At 12 months, improvement in the 3 used QOL questionnaires was 
significantly higher in the TMLR group vs. the control group (chapter IX-B). These 
results show that XeCl excimer TMLR is very effective in reducing anginal symptoms 
and improving QOL in the selected patient group, with results that are comparable to 
C02 and Ho:YAG TMLR. 

Finally, in chapter X the research described in this thesis is evaluated in a general 
discussion. In conclusion, TMLR using an excimer laser has been proven to be an 
effective treatment for the reduction of anginal symptoms and the improvement of 
quality of life in patients with severe refractory angina pectoris. Concerning the 
underlying working mechanism of this clinical improvement, we have found supporting 
evidence for both major hypotheses (i.e. angiogenesis and denervation). However, based 
on the research presented in this thesis as well as other literature concerning this subject, 
we believe that the strongest evidence for the mechanism underlying the clinical 
improvement observed after TMLR has been provided for the denervation hypothesis. 
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Samenvatting 

Hoofdstuk I begint met een algemene introductie over angina pectoris en de 
verschillende (historische) behandelmethoden die hiervoor gebruikt worden. Verder 
geeft dit hoofdstuk een korte introductie tot transmyocardiale laser revascularisatie 
(TMLR), het onderwerp van dit proefschrift, en worden de doelstellingen en de opbouw 
van het proefschrift beschreven. 

Hoofdstuk II geeft een uitgebreid en kritisch overzicht van het experimentele onderzoek 
dat is gepubliceerd over transmyocardiale revascularisatie (m.b.v. lasers of andere 
methoden). In de afgelopen 35 jaar is veel experimenteel onderzoek verricht naar het 
werkingsmechanisme dat ten grondslag ligt aan de klinische verbetering m.b.t. afname 
van angina pectoris die gezien wordt na deze behandeling. De verschillende methoden 
die zijn gebruikt om transmyocardiale kanalen te creëren worden beschreven en de 
meest onderzochte en ondersteunde hypothesen voor het werkingsmechanisme (te weten 
perfusie vanuit de linker ventrikel via open en geëndothelialiseerde kanalen, laser-
geïnduceerde angiogenese met als gevolg een toegenomen vaatdichtheid en 
bloedtoevoer en laser-geïnduceerde destructie van myocardiale pijnreceptoren en/of 
zenuwweefsel met als gevolg een afname van de angineuze pijnklachten) worden 
besproken en geëvalueerd. De conclusie van het hoofdstuk is dat er belangrijk 
experimenteel bewijs is gepubliceerd voor zowel de angiogenese als de denervatie 
hypothese. 

Hoofdstuk III beschrijft de evaluatie van de spontaan hypertensieve rat (SHR) als 
diermodel voor TMLR onderzoek. De diermodellen die momenteel gebruikt worden 
voor TMLR onderzoek missen de typische morfologische kenmerken die gezien worden 
in patiënten met chronische myocardiale ischemie, namelijk een toegenomen 
myocardiale fibrose. Aangezien deze pathologie ook beschreven is bij patiënten met 
systemische hypertensie hebben wij de geschiktheid van een hypertensief dier, de SHR, 
onderzocht als diermodel voor TMLR onderzoek. De myocardiale pathologie van SHR 
werd vergeleken met de myocardiale pathologie van 3 (voor) TMLR (in aanmerking 
komende) patiënten, alsook de reactie op TMLR in SHR en humaan myocard. Daarnaast 
hebben wij een speciale hypoxie-kleuring gebruikt om SHR myocard te vergelijken met 
myocard van (gezonde) Wistar ratten. De resultaten tonen dat SHR myocard en myocard 
van patiënten met chronische ischemie overeenkomstige pathologische kenmerken 
bezitten, namelijk hypertrofie en fibrose. De myocardiale reactie op TMLR was 
vergelijkbaar in SHR en TMLR patiënten, met een vergelijkbare morfologie van 
fibrotische TMLR kanaal restanten. De hypoxie kleuring toonde meer hypoxische cellen 
in SHR myocard dan in Wistar (controle) myocard. In conclusie maken de 
overeenkomsten tussen SHR en humaan chronisch ischemisch myocard de SHR een 
geschikt model voor TMLR onderzoek. 

In hoofdstuk IV wordt een nieuwe chirurgische techniek gepresenteerd voor het 
uitvoeren van open-hart chirurgie bij laboratorium ratten. Toegang tot het hart bij 
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Samenvatting 

laboratorium ratten wordt (in overlevings experimenten) meestal verkregen via een 
mediane sternotomie of een laterale thoracotomie. Echter, hoge operatie mortaliteit en 
onvoldoende toegang kunnen het gebruik van deze technieken beperken. Een 
alternatieve, minder traumatische benadering van het in vivo rattenhart, met een betere 
overleving, wordt beschreven. De techniek maakt gebruik van een mediane laparotomie 
die rostraal wordt doorgezet langs beide zijden van het xyfoid. Het xyfoid wordt 
opgetrokken in rostrale richting en d.m.v. een T-vormige incisie in het diafragma wordt 
de thoraxholte geopend. Gebruikmakend van een spreider wordt de opening in het 
diafragma opengehouden waarna het hart toegankelijk is. Deze operatie werd onder 
anesthesie uitgevoerd in 23 kunstmatig beademde (gedurende 2 uur) ratten en we 
vonden een fysiologische intra-operatieve hemodynamiek, een goed post-operaticf 
herstel en 0% mortaliteit. 

Hoofdstuk V beschrijft een onderzoek naar het angiogenetische effect van CO:, 
Ho:YSGG en XeCl excimer TMLR in de spontaan hypertensievc rat. Twee kanalen per 
hart werden gemaakt en de dieren werden na 14 dagen opgeofferd. De vaten (zowel in-
als exclusief capillairen) in de TMLR kanaal restanten (littekens) werden geteld en 
gecorreleerd met het oppervlak van de littekens (resulterend in een vaatdichtheid). 
Verder werd de uitbreiding van vaatgroei naast de TMLR littekens gemeten. Ho:YSGG 
TMLR resulteerde in de grootste littekens, gevolgd door C02 en excimer TMLR. 
Hoewel het aantal vaten inclusief capillairen in de littekens verschilde tussen de 3 lasers, 
deze verschillen verdwenen (~ 130 vaten / mm in alle 3 de groepen) wanneer dit 
gecorrigeerd werd voor de grootte van de littekens. Echter, de vaatdichtheid was veel 
lager dan in controle gebieden (~ 2100 vaten / mm2). De vaatdichtheden zonder 
capillairen waren significant groter in Ho:YSGG en C02 littekens in vergelijking met 
excimer littekens (respectievelijk 10,2 ± 4,8, 7,1 ± 5,2 en 2,3 ± 4,4; p < 0,05), terwijl 
alleen Ho:YSGG littekens significant meer grote vaten bevatten dan controle gebieden 
(10,2 ± 4,8 versus 4,6 ± 1,3; p < 0,001). In alle 3 de groepen werd slechts zeer zelden 
uitbreiding van vaten naar het omringende myocard gezien. Deze resultaten geven aan 
dat de angiogenetische respons die volgt op TMLR beperkt is tot het kanaal-litteken en 
meer afhangt van de grootte van het litteken dan van het specifieke laser type dat 
gebruikt is om de kanalen te maken. Het kan daarom verwacht worden dat enig gunstig 
effect van TMLR-gcïnduceerde angiogenese alleen optreedt met relatief grote TMLR 
littekens. Zulke littekens kunnen waarschijnlijk gemaakt worden met elk van de 3 laser 
typen door het variëren van de specifieke laser-instellingen. 

Hoofdstuk VI geeft een overzicht van de klinische TMLR literatuur. Het beschrijft en 
vergelijkt zowel ongecontroleerde studies over C02, Ho:YAG en XeCl excimer TMLR 
alsook gerandomiseerde C02 en Ho:YAG laser studies die zijn gepubliceerd. De 
conclusie van dit hoofdstuk is dat alle studies naar de 3 klinische gebruikte lasers 
melding maken van afname van angina pectoris, gecombineerd met een lage peri-
operatieve mortaliteit. Wij concluderen daarom dat, na zorgvuldige selectie van 
patiënten, TMLR veilig en effectief kan worden uitgevoerd en behandeling van keuze 
zou moeten zijn in geselecteerde patiënten. 
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Hoofdstuk VII beschrijft een histologisch case-report van een patient die 3 maanden na 
XeCl excimer TMLR is overleden. In het behandeld myocard werden geen open kanalen 
aangetroffen maar littekens met een lineaire distributie die in verbinding stonden met 
kleine fibrotische endocardiale en epicardial littekens. De littekens waren sterk 
gevasculariseerd met nieuwe bloedvaten, variërend van kleine capillairen tot grote 
dunwandige en soms vertakkende ectatische vaten. Uitgroei van vaten naar het 
omliggende myocard werd tevens gezien. Deze resultaten ondersteunen de hypothese 
dat angiogenese een rol speelt in de klinische verbetering na TMLR. 

In hoofdstuk VIII wordt een klinische studie beschreven waar TMLR-geïnduceerde 
veranderingen in myocardiale innervatie werden onderzocht. In 8 patiënten werd 
Ho:YAG of XeCl excimer TMLR uitgevoerd en myocardiale innervatie (m.b.v. i23I-
MIBG SPECT scintigrafie), myocardiale perfusie (m.b.v. 99Tc-TF SPECT scintigrafie) 
en functie (m.b.v. stress echocardiografie) werden pre- en post-operatief onderzocht. 
Post-operatieve _,I-MIBG SPECT scintigrafie toonde significante myocardiale 
denervatie in alle 8 patiënten (p = 0,00005). Gebruik makend van een segmentele 
vergelijking tussen denervatie en behandeld gebied vonden wij dat in 86% van de 
gedenerveerde segmenten de denervatie kon worden gecorreleerd aan de TMLR 
behandeling. Myocardiale perfusie scintigrafie en stress echocardiografie veranderden 
niet significant. In alle patiënten was angina pectoris met > 2 klassen afgenomen 12 
maanden na TMLR en de kwaliteit van leven significant verbeterd. Concluderend 
kunnen de TMLR-geïnduceerde verbeteringen in angina pectoris en kwaliteit van leven 
verklaard worden door cardiale denervatie. 

Hoofdstukken IX-A en IX-B beschrijven de resultaten van een gerandomiseerde 
klinische studie naar XeCl excimer TMLR als behandeling voor ernstige refractaire 
angina pectoris. Dertig patiënten met NYHA functionele angina pectoris klasse III-
IV/IV, een reversibel perfusiedefect aangetoond met 99Tc-TF SPECT perfusie 
scintigrafie, een ejectie fractie > 35% en geen mogelijkheden voor PTCA of CABG, 
werden gerandomiseerd tussen excimer TMLR in combinatie met maximale anti-
angineuze medicatie (n = 15) of alleen maximale anti-angineuze medicatie (n = 15). 
Patiënten werden gedurende 1 jaar vervolgd waarbij gekeken werd naar angina klasse, 
kwaliteit van leven (apart beschreven in hoofdstuk IX-B), myocardiale perfusie 
scintigrafie, inspannings-tolerantie en stress echocardiografie. Eén patient overleed post
operatief in de TMLR groep. In de TMLR groep nam de angina klasse af van 3,8 ± 0,4 
pre-operatief naar 1,9 ± 0,9 12 maanden na TMLR, versus van 3,9 ± 0,3 naar 3,7 ± 0,6 
in de medicatiegroep (p < 0,0001). In 79% van de TMLR patiënten nam de angina met 
> 2 NYHA klassen af op 12 maanden versus 0% van de controle patiënten. Daarnaast 
was de kwaliteit van leven significant verbeterd in de TMLR groep bij 12 maanden, 
zowel versus pre-operatief als versus de controle groep {hoofdstuk IX-B). Ondanks een 
afname in wandbewegingsstoornissen op 12 maanden in de TMLR groep werd er geen 
toename gevonden in inspannings-tolerantie of myocardiale perfusie. Deze resultaten 
tonen dat XeCl excimer TMLR een effectieve behandeling is voor de reductie van 
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angineuze klachten en toename van kwaliteit van leven in een selecte groep patiënten, 
met resultaten vergelijkbaar met die van CO: en Ho:YAG TMLR. 

Tot slot wordt in hoofdstuk X het beschreven onderzoek in dit proefschrift geëvalueerd 
in een algemene discussie. Concluderend is aangetoond dat TMLR uitgevoerd met een 
XeCl excimer laser een effectieve methode is voor vermindering van angineuze klachten 
en verbetering van de kwaliteit van leven in patiënten met ernstige refractaire angina 
pectoris. Wij hebben ondersteunende aanwijzingen gevonden voor beide belangrijkste 
hypothesen t.a.v. het mechanisme leidend tot de klinische verbetering (angiogenese en 
denervatie). Echter, gezien de resultaten van het onderzoek beschreven in dit 
proefschrift alsmede andere literatuur, concluderen wij dat het sterkste bewijs geleverd 
is voor de denervatie hypothese. 
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