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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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TMLR in SHR using three lasers 
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 

65 



Chapter V 
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 

67 



Chapter V 
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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Chapter V 
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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