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Background. Transmyocardial laser revascularization 
using different lasers is being tested in the treatment of 
refractory angina. We conducted comparative analysis of 
the acute and chronic myocardial effects of these differ- 
ent lasers. 

Methods. Transmyocardial channels were made in nor- 
mal dog hearts with either a holmium:yttrium-aluminum 
garnet or a CO 2 laser. Channels were examined histologi- 
cally 6 to 24 hours, 2 to 3 weeks, and 6 weeks after creation. 

Results. Regardless of the laser source, the channels 
were occluded by thrombus within 6 to 24 hours. Subse- 
quently, organization and neovascularization of the 
channel region occurred. Thermoacoustic damage was 
initially greater with the holmium:yttrium-aluminum 

garnet laser, but the channel appearances were indistin- 
guishable from those made with the CO2 laser by 6 weeks. 

Conclusions. Histologically, the myocardial effects of 
the CO 2 and holmium:yttrium-aluminum garnet lasers 
are similar and differ predominantly in the amount of 
acute thermoacoustic injury. Channels are rapidly oc- 
cluded by thrombus and are replaced by neovascularized 
collagen. This suggests that the physiologic effects of 
these two lasers may be similar and that mechanisms 
other than blood flow through chronic patent channels 
should be considered as contributing to the clinical 
benefits observed with this procedure. 

(Ann Thorac Surg 1997;64:466-72) 
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A ngina pectoris results from diminished myocardial 
perfusion relative to demand.  Coronary artery-  

derived perfusion can be increased by both medical and 
operative interventions, including vasodilator therapy, 
angioplasty, and coronary artery bypass grafting. Fre- 
quently, however, medical interventions are inadequate 
to cope with the severity of the perfusion deficit and 
operative intervention is not feasible. In these situations, 
various alternative methods to increase blood flow to the 
heart or to reduce the patient 's perception of pain have 
been explored, some of which have shown limited suc- 
cess. These techniques include endocardial incisions [1], 
cardiac acupuncture [2], fistula creation [3], pedicle graft- 
ing [4], omental implantation [5], vessel implantation [6], 
and sympathectomy [7]. 

More recently, transmyocardial  laser revascularization 
(TMLR) was devised as a method of bypassing the 
coronary circulation altogether [8, 9], instead perfusing 
the myocardium with oxygenated blood derived directly 
from the left ventricular chamber,  thus attempting to 
replicate the embryonic and reptilian cardiac circulations 
[10]. The TMLR procedure involves the use of a laser to 
create a channel through the free wall of the left ventricle 
into the ventricular chamber. The creation of multiple 
transmyocardial  channels would, in theory, permit oxy- 
genated blood in the left ventricular chamber  to reach 
and perfuse the myocardium directly. Currently, CO 2 
and holmium:yt t r ium-aluminum garnet (YAG) lasers are 
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being evaluated in ongoing international clinical trials for 
the relief of otherwise untreatable angina. These studies 
have shown promising initial results for the immediate 
and long-term symptomatic relief of angina [11, 12]. 

Lasers that emit light of different wavelengths may differ 
in some respects with regard to their acute effects on 
myocardial tissue. Whether differences in acute tissue ef- 
fects translate into differences in more chronic settings, 
however, has not been studied adequately. To provide a 
foundation for better understanding of the physiology and 
clinical effects of TMLR with different lasers, we conducted 
a comprehensive histologic evaluation and comparison of 
transmyocardial laser channels in dogs using the CO 2 and 
holmium:YAG lasers, which are currently undergoing hu- 
man clinical trials. We examined the natural history of laser 
channel morphology over a 6-week period. The results of 
these studies indicate that the laser channels created with 
both the CO 2 and holmium:YAG lasers are rapidly oc- 
cluded by thrombus and that over the ensuing weeks, they 
are replaced by a proliferation of vessels and fibrous scar. 
The potential implications of these findings in the clinical 
setting are discussed. 

Material and Methods  

All animals were cared for by a veterinarian in accor- 
dance with the "Principles of Laboratory Animal Care" 
formulated by the National Society for Medical Research 
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and the "Guide  for the Care and Use of Labora tory  
Animals"  p r e p a r e d  by  the Nat ional  Academy  of Sciences 
(NIH publ ica t ion  85-23, rev ised  1985). This s tudy was 
approved  by  the Inst i tut ional  Animal  Care and Use 
Commit tee  of Columbia  University.  

Acute  s tudies  were pe r fo rmed  under  general  anes the-  
sia with pentobarb i ta l  (30 to 60 mg intravenously)  and  
with the dogs mechanical ly  venti lated.  In chronic studies,  
genera l  anes thes ia  was es tabl ished with pento tha l  (2.5%, 
15 mL intravenously),  and  the animals  were then intu-  
ba ted  and main ta ined  on inha led  isoflurane (1% to 2%) in 
addi t ion to pancu ron ium b romide  (1 mg  intravenously).  
Per iphera l  in t ravenous  catheters  were p laced  for admin-  
is trat ion of fluids. A left lateral  thoracotomy was per-  
formed,  and  the hear t  was exposed  and s u s p e n d e d  in a 
per icardia l  cradle. 

Transmyocardia l  laser  channels  were created using 
ei ther  a CO2 laser  (The Hear t  Laser; PLC Systems Inc, 
Milford, MA) or a holmium:YAG laser  (The Card ioGen-  
esis ITMR System, Sunnyvale,  CA) in the left ventr icular  
free wall. Approx imate ly  ten t ransmyocard ia l  channels  
were created in each animal  in the terr i tory suppl ied  by  
the distal  left anter ior  descending  coronary ar tery after 
the first d iagonal  branch,  with a densi ty  of approximate ly  
1/cm 2. Transmyocard ia l  CO 2 laser  channels  were  created 
using a single 40-J pulse.  Transmyocard ia l  holmium:YAG 
laser  channels  were  created us ing burs ts  of 2-J pulses  
(total energy approximate ly  20 to 30 J/channel)  de l ivered 
through a fiber optic cable with a quartz  focusing lens. 
Creat ion of a t ransmura l  channel  was conf i rmed by  the 
presence of vigorous pulsat i le  b leed ing  dur ing  systole 
through the epicardial  laser  entry  point  for the CO 2 laser  
and  by b leed ing  and  passage of the fiber tip into the 
ventr icular  chamber  for the holmium:YAG laser. Hemo-  
stasis occurred ei ther  spontaneously ,  after manua l  com- 
pression,  or with a shal low epicardial  U stitch (5-0 Pro- 
lene, Ethicon, Somerville,  NJ). 

All  animals  survived to their  respect ive sacrifice times. 
No obvious de t r imenta l  sequelae  were  observed  after the 
TMLR procedure .  The animals  were sacrificed by  lethal  
injection of pentobarbi ta l .  For the acute studies,  the 
animals  were  sacrificed at ei ther  6 to 8 hours  (n = 12) or 
24 hours  (n = 4). Animals  used  for chronic s tudies  were 
sacrificed at e i ther  2 to 3 weeks  (n = 14) or 6 weeks  (n = 
6). After  explant ing the heart,  we ident if ied the channels  
by gross examinat ion and  created a t ransmura l  block of 
t issue containing,  when possible,  a single channel.  The 
samples  were labe led  with unique  identif iers  and  fixed in 
10% neutral  buffered formalin for 16 hours.  The myoear-  
d ium was then sect ioned transversely,  in an axis pe rpen-  
dicular  to the channel  axis, at 1.5- to 2-ram intervals  
extending from the epicardial  to the endocardia l  surfaces 
(Fig la) .  In this way, channels  were analyzed throughout  
their  entire t ransmura l  course extending from the epicar-  
d ium to the endocardium.  In cases in which channels  
were  not  readi ly  apparent ,  the entire ventr icular  free wall 
was submi t t ed  for analysis.  The tissue was then dehy-  
drated and embedded  in paraffin. Four-micrometer  sec- 
tions were cut and stained with hematoxylin and eosin and 
with Masson's  trichrome stain for microscopic analysis. 
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Fig 1. (a) Transverse sections were taken through the myocardial 
wall extending from the epicardium to the endocardium. (b) Calcu- 
lated channel lumen area and total area of thermoacoustic laser 
damage (including the channel lumen). 

The laser  channel  lumen  area and the total area of 
thermal  damage  were quantif ied by  measur ing  the long 
and short  axes of the respect ive areas, as i l lustrated in 
Figure lb .  The area conta ined within the channel  per im-  
eter  was es t imated according to the formula  for the area 
of an ell ipse (channel  area = d l  • d2 • 0.79); similarly,  the 
total area of thermal  damage  was calculated assuming  an 
elliptical geomet ry  (total thermal  area = D1 • D2 • 0.79). 
These measu remen t s  were then collated as a function of 
depth  from the epicardial  surface. All measu remen t s  
were made  using a s t andard  microscope eyepiece scale 
micrometer .  All  results  are p resen ted  as mean  ± 1 
s t andard  error  of the mean.  The results  obta ined  with the 
CO2 and holmium:YAG channels  were  compared  by  
S tudent ' s  unpa i r ed  t test, with p less than 0.05 cons idered  
significant. 

R e s u l t s  

Evaluation of  Acute Laser Channels at 6 to 8 and at 
24 Hours 

A total of 16 dogs were analyzed:  12 at 6 to 8 hours  and 4 
at 24 hours.  Ten of the dogs were t rea ted  with the CO 2 
laser  and  6 were t rea ted  with the holmium:YAG laser. A 
combined  total of 102 laser  channels  (41 COz, 61 holmi-  
um:YAG) were ana lyzed  histologically; 327 cross-sect ions 
of these channels  (average of three  pe r  channel)  were 
evalua ted  at all levels th roughout  the ventr icular  wall. No 
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Fig 2. Acute CO 2 (a, c) and holmium:YAG (b, d) laser channels showing the channel lumen (L), rim of lacunar change (arrows), zone of ther- 
mocoagulated myocardium (Th), normal myocardium (N), and rim of hypercontracted darkly staining myocytes (arrowheads) .  (Masson's 
trichrome stain; a, b: ×20; c, d: x200; all before 33% reduction.) 

differences in channel  characterist ics were seen be tween  
the animals  sacrificed at 6 to 8 hours  versus 24 hours,  and  
these results  therefore  were  not  separa ted .  

All  acute laser  channels  were  readi ly  ident i f iable  
th roughout  their  course.  In t ransverse  section, these 
genera l ly  had  an elliptic configuration, with their  long 
axis runn ing  paral le l  to the axis of adjacent  myocytes  (Fig 
2). The channels  showed features  characterist ic of myo-  
cardial  laser  injury ident if ied in previous  s tudies  [13, 14]. 
These inc luded  a central ly abla ted  channel  lumen  and a 
thin r im of lacunar  change su r rounded  by  a zone of 
thermal  necrosis,  which was sharply  demarca ted  from 
adjacent  no rma l -appea r ing  myocard ium by a p rominen t  
zone of contract ion band  necrosis. These features  are 
h ighl ighted  in the typical  CO2 and holmium:YAG chan- 
nels shown in Figures 2a and 2b, respectively.  We no ted  
varying degrees  of fascicular separa t ion  and  widen ing  of 
the per ivascular  interst i t ium, consistent  with per iphera l  
thermoacoust ic  laser  damage.  The major i ty  of channel  
lumens  conta ined red  b lood cells enmeshed  in a fibrillar 
fibrin network,  consis tent  with fresh thrombus .  The find- 
ing of th rombus  suggests  that  there  is no substant ia l  flow 
through these acute channels .  Rare sections showed  
dramat ic  interst i t ial  b lood in an arborizing pa t te rn  ex- 
t ending  from the channel  site. The th rombus  within the 
channel  lumen,  the zone of lacunar  change,  and  the 

region of thermal  necrosis  were  readi ly  appa ren t  in the 
magnif ied  views of the edge of the channel  lumen  (Figs 
2c, 2d). These morphologic  characterist ics were presen t  
in both CO 2 and holmium:YAG laser  channels.  

Differences be tween  CO2 and  holmium:YAG laser  
channels  were  evident  when  measur ing  the channel  
lumen  and the area of thermal  damage  (Figs 3A, 3B). The 
CO 2 channel  lumens  were  approximate ly  two thirds  of 
the size of holmium:YAG lumens,  and  the area  of CO 2- 
induced  thermal  damage  averaged  approximate ly  one 
third of that  of holmium:YAG thermal  damage.  The 
channel  l umen  size and the area of thermal  damage  did 
not  vary significantly as a function of dep th  from 4 to 
10 m m  from the ep icard ium (see Figs 3A, 3B). Channel  
d imens ions  at 2 m m  from the epicardial  surface t ended  
to be smaller,  p robab ly  because  of their  proximi ty  to sites 
of epicardia l  closure. 

Evaluation of Chronic Laser Channels at 2 to 3 and at 
6 Weeks 
Channels  from a total of 20 dogs were  analyzed:  14 at 2 to 
3 weeks  and  6 at 6 weeks.  Ten dogs were  t rea ted  with the 
CO2 laser  and  10 with the holmium:YAG laser. Gross 
identif icat ion of channels  was increas ingly  difficult with 
the passage of t ime. W h e n  recognized,  these  were  seen 
as areas  of elliptical f ibrous scar, which ex tended  in a 
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Fig 3. Summary of channel lumen and thermoacoustic damage 
cross-sectional areas for CO 2 (crosses) and holmium:YAG lasers 
(filled circles) in acute studies (A, B), and of thermoacoustic scar in 
2- to 3-week chronic studies (C). Measurements are shown at differ- 
ent depths from the epicardial surface through the left ventricular 
wall. The number by each point indicates the number of individual 
channels measured at each particular depth; note that these are the 
same for A and B. The number of channels measured varies at each 
depth because of the varying thickness of the left ventricular wall 
and the incomplete identification of some channels through their 
entire mural course. (*p < 0.05 compared with corresponding mea- 
surement in C02 channels by unpaired Student's t tesL) 

s imple  l inear  fashion from the ep icard ium to the endo-  
cardium, s imilar  to the configurat ion of the  acute laser 
channels.  Because of the inconspicuous  presence of laser  
channels,  the entire laser - t rea ted  ventr icular  free wall 
was submi t ted  for histologic evaluat ion in an a t tempt  to 
identify as many  channels  as possible.  A combined  total 
of 75 laser  channels  (32 CO2, 43 holmium:YAG) were  
ana lyzed  histologically; 197 cross-sect ions of these chan- 
nels (average of 2.5 pe r  channel)  were evaluated  at all 
levels th roughout  the ventr icular  wall. 

At 2 weeks, channels  rarely had  the recognizable  
architecture of acute laser  channels,  with organizing 
fibrin th rombus  in the central  lumen  (Fig 4a) su r rounded  
by a r im of f ibrous scar replac ing the zone of thermal  
damage.  In the majori ty,  however,  the central  channel  
area was entirely rep laced  by  fibrous t issue and con- 
ta ined  a scat ter ing of chronic in f lammatory  cells, includ-  
ing lymphocytes  and histiocytes (Fig 4b). Not  a single 
pa tent  channel  with a d iameter  comparable  with that  of 
the original  channel  was ever  identified.  A b u n d a n t  neo- 
vascular izat ion was presen t  within the scar at 2 to 3 
weeks, including capil laries and  arter ioles (Figs 4c, 4d). 
The scar size and vasculari ty were r educed  at 6 weeks  
(Figs 4e, 4f). The degree  of vascular izat ion within this scar 
t issue replacing the channel  lumen  was highly variable,  
inc luding capil laries and  arterioles.  As in the acute s tud-  
ies, the d imens ions  of the chronic laser  channel  r emnan t  
did  not vary significantly through the left ventr icular  wall  
with ei ther  laser (Fig 3C), with the exception of the 
holmium:YAG scar at 2 m m  depth,  which was smal ler  
than  that  measu red  at 8 ram. The area  of channel  rem-  
nant  was dramat ica l ly  reduced  at 2 to 3 weeks  as com- 
pa red  with the original area of thermal  damage  (53% 
reduced  with CO s, 59% with holmium:YAG; see Fig 3C, 

Fig 5). As shown in Figure 3C, the area of involvement  
was general ly  larger  for the holmium:YAG than for the 
CO 2 laser. As exemplif ied in Figures 4e and 4f, the 
channel  r e mna n t  area  was r educed  even fur ther  at 6 
weeks  (86% reduced  with CO2, 93% with holmium:YAG; 
see Fig 5) so that  the major i ty  of laser  channels  were 
entirely rep laced  with vascular  f ibrous t issue consis tent  
with comple ted  scar. The area of acute thermal  damage,  
2- to 3-week scars, and  6-week scars (pooled data from all 
measu remen t s  made,  regardless  of depth  from the epi-  
cardium),  shown in Figure 5, summar izes  the t ime course 
of scar contract ion as well  as the f inding that  over time, 
the area of involvement  became the same for the two 
lasers. The appearances  of laser  channels  at these t ime 
points  were therefore  consis tent  with an evolving, richly 
vascular  cicatricial process.  

Elliptic scars were ident if ied on the endocardia l  sur- 
face, r epresen t ing  the scarred channel  entry  points.  
These  entry  sites were not pa tent  macroscopical ly  in any 
of the chronic studies.  In contrast,  thebes ian  veins and  
ar ter io luminal  vessel  orifices were ident if ied microscop-  
ically, as expected,  on normal  endocard ia l  surfaces. 
These are readi ly  d is t inguished from artificially created 
channels  by their  lack of p rominen t  f ibrous walls, their  
i r regular  course through the myocard ium,  and their  
lack of a t ransmura l  vertical course. An example  (Fig 6) 
of a normal ly  occurr ing in t ramyocardia l  s inusoid cut 
longitudinal ly,  which is su r rounded  by a thin layer  of 
subendocard ia l  collagen, is shown alongside an acute 
laser  channel  cut in cross-section to reveal  the similari ty 
in cross-sectional  d imens ion  and to highl ight  the po ten-  
tial p rob lem of identifying such a s tructure as a chronic, 
pa tent  channel  ra ther  than  a natura l ly  occurr ing vascular  
structure.  

C o m m e n t  

Acute t ransmyocard ia l  laser  channels  created with ei ther  
CO 2 or holmium:YAG lasers  exhibit  an elliptic morphol -  
ogy, which includes  a central ly abla ted  core r immed  by a 
zone of lacunar  change and  thermal  myocyte  necrosis. 
This characterist ic appearance  has been  descr ibed  previ-  
ously in several  animal  models,  inc luding the rat  [15], dog 
[14], sheep  [16], and  pig [17], and  is also seen in humans  
t rea ted  with TMLR [18]. The size of the channel  core and  
the area of thermal ly  d a m a g e d  tissue are larger  with the 
holmium:YAG laser  than with the CO2 laser, as is pre-  
dicted by  the differing energy characterist ics of these two 
laser  beams.  Regardless  of the laser  type used, the 
channel  cores are occluded by  fibrin th rombus  in the 
acute setting, a histologic f inding that  suggests  that  there  
is no substant ia l  acute b lood  flow through  these chan- 
nels. This observat ion is consistent  with our  previous  
m e a s u r e m e n t s  of flow us ing  m i c r o s p h e r e s ,  wh ich  
showed little or no b lood  flow through  acute channels  
[19, 20]. Addi t iona l  functional  evidence suppor t ing  the 
lack of acute vent r icu la r -der ived  b lood flow through 
these  channels  is their  inabil i ty  to prevent  myocardia l  
infarction in the face of an acute l igation of the left 
anter ior  descending  artery, even in the zone immedia te ly  
adjacent  to a laser  channel  [20, 21]. 
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Fig 4. Channel area scars at 2 to 3 weeks (a, b, c, d) and at 6 weeks (e, f) after C02 (c, e) and holrnium:YAG (a, b, d, f) laser treatment. Cen- 
tral fibrin plugs are shown by arrow (a); lymphocytes and histiocytes are shown by arrow (b); capillaries are shown by arrows and arterioles 
by arrowheads (c, d). (Masson's trichrome stain; a, e, f: ×32; b, c, d: ×8@ all before 8% reduction.) 

Examinat ion of the laser  channels  over the ensuing 
weeks  reveals  that  the t h rombosed  channels  are orga-  
nized by the ingrowth of new vessels and  fibroblasts,  
s imilar  to the genera l ized  heal ing response  typical  of 
other  organs. These newly formed vessels  include a 
prol iferat ion of capillaries,  characterist ic of granula t ion 
tissue, but  also include muscular  ar ter ioles within the 
channel  remnant ,  vessels  that  are not  commonly  found in 
heal ing wounds .  Indeed,  endothel ia l  and  smooth muscle  
cells show evidence of active prol i ferat ion (not observed  

commonly  in vessels  of normal  myocard ium)  when  s tud-  
ied  with nuclear  markers  of cell prol i ferat ion in vessels  
r emoved  (up to 2 to 3 ram) from the laser  channels  [22]. 
In addi t ion  to the vascular  response,  f ibroblasts  lay down 
collagen, resul t ing in occlusion of the laser  channel  by  
fibrosis, eventual ly  p roduc ing  marked  cicatricial contrac- 
t ion of the channel  area by  6 weeks.  These processes  are 
histologically similar  for the CO 2 and  holmium:YAG 
laser  channels ,  and  by 6 weeks  the two channels  are 
indis t inguishable .  
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Fig 5. Comparison of the total area of thermoacoustic damage with 
the CO 2 and holmium:YAG lasers at the different study time points. 
See text for further details. (ns = not significant; *p < 0.05 com- 
pared with the corresponding measurement in C02-treated tissue by 
unpaired Student's t tesL) 

The present histologic study was performed in normal 
dog hearts with the main goal of comparing the tissue 
effects of two lasers currently undergoing clinical evalu- 
ations. Studies were done in the absence of infarction or 
ischemia to avoid any potentially confounding factors 
that could complicate the comparison of effects of the two 
lasers. The dog heart offers the advantage of having 
transverse mural dimensions and tissue characteristics 
that are similar to those in the human heart. The present 
study not only confirms the expectation of increased 
acute thermal injury with the holmium:YAG laser, but 
also provides quantitative information concerning the 
extent of this difference and reveals the important obser- 
vation that over a relatively short time, these differences 
disappear. 

In addition to providing this comparison, our analysis 
describes the morphologic evolution of the channel over 
6 weeks. The histologic findings, which suggest little, if 
any, acute blood flow capacity of laser channels, and 
invasion and subsequent occlusion of the channels by 
granulation tissue, have been dismissed by some inves- 
tigators on the basis that the findings do not apply to 
human tissue under the "chronically ischemic" condi- 
tions in which the technique is applied clinically. How- 
ever, we [23] and others [18] have examined autopsy 
specimens of patients who died at various times after 
successful TMLR operations that show essentially the 
same histologic findings as we document here in canine 
myocardium. For findings in the canine myocardium to 
be dramatically different from those in human tissue, a 
fundamental difference in the myocardial response to 
laser injury must be postulated in different species or in 
the setting of "chronic ischemia." Although material 
properties may vary between the normal state and 
chronic ischemia, no such fundamental difference in the 
healing response has been noted previously in this set- 
ting or in different species. Although a single case report 
has claimed long-term channel patency in a patient after 

TMLR [24], the diameter of the "patent channels" ranged 
between 20 and 75/~m with perichannel fibrosis of 150 to 
400/~m, in striking contrast to the original laser channel 
diameters of almost 1 ram. These dimensions are in fact 
almost identical to the vascular structures within the 
scarred channel region seen in our animal TMLR model 
and also in our own human TMLR autopsy experience 
[23]. The observations may therefore be better inter- 
preted as scarred "channel remnants" revascularized 
with capillary-sized vessels, rather than as truly endothe- 
lialized laser channels. Thus, the discrepancy between 
our study and this previous report may be related more 
to terminology than to a fundamental difference in ob- 
servations. Nevertheless, further evidence from human 
tissue is required before definitive conclusions can be 
made regarding the long-term patency of TMLR chan- 
nels using different lasers in human subjects. 

It is also important to recognize that careful examina- 
tion of all normal, untreated hearts will reveal endothe- 
lium-lined vessels with patent endocardial orifices con- 
nected directly to the intramural circulation. These 
anatomically normal structures, which include myocar- 
dial sinusoids, arterioluminal vessels, and thebesian 
veins, communicate directly with the left ventricular 
chamber (see Fig 6) and yet are not thought to exhibit 
substantial reverse flow or to conduct ventricular blood 
into the myocardium, either in health or in ischemic 
heart disease. Accordingly, investigators should consider 
establishing procedures for ensuring that structures ex- 
amined in autopsy specimens represent TMLR channels 
or their remnants, and not these normally occurring 
myocardial structures. 

Clinical reports have indicated that symptomatic relief 
of angina using TMLR is observed in the postoperative 
period, with patients leaving the hospital with substan- 
tially less angina [11, 12]. If applicable to the clinical 
setting, the results of this histologic study provide further 
support for the proposition that factors other than direct 
perfusion through laser channels should be considered 
as mechanisms underlying this acute clinical effect. Pos- 
sible alternative explanations include induction of local 
"anesthesia" through destruction of myocardial efferent 

Fig 6. Normal myocardial sinusoid (arrows) adjacent to an acute 
(holmium:YAG) laser channel (arrowheads). See text for further 
details. (Masson' s trichrome stain; ×20.) 
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neural  pathways and st imulation of vasodilatation and  
collateralization of regional blood flow by thermoacoustic 
effects or by the elaboration of locally acting vasoactive 
agents. 

Data concerning angina relief in the chronic setting 
(available for the CO2 laser) suggest that the effect is 
sustained and may be associated with improved regional 
blood flow [11, 12]. Neovascularization within channel  
areas and the apparent  angiogenic st imulation seen in 
sur rounding  myocardium may contribute to the ob- 
served long-term clinical benefits of TMLR in the relief of 
angina. The in t rachannel  fibrin thrombus  and  the ther- 
mally infarcted myocardium may both contribute sub- 
stantially to the angiogenic stimulus, possibly mediated 
through factors such as fibroblast growth factor, trans- 
fo rming  growth factor-/3, and  vascular  endothe l ia l  
growth factor. Fibrin thrombus  is a potent  stimulator of 
neovascularization, and infarcted myocardium elicits a 
t remendous  local angiogenic s t imulus [251. However, 
whether  these new vessels contribute to myocardial 
perfusion and whether  they connect with and conduct 
blood from the ventricular  chamber  in humans  [15] or 
from sur rounding  myocardium will require further stud- 
ies. 

In conclusion, the histologic appearances of t ransmyo- 
cardial channels  made with CO 2 and holmium'.YAG 
lasers have similar qualitative characteristics and  differ 
only quantitatively in the sizes of the channel  lumens  and 
the area of sur rounding  thermal  damage. Over time, 
tissue reaction to the laser injury appears identical for 
both lasers tested and  exemplifies the granulat ion tissue 
response followed by cicatricial fibrosis and scar contrac- 
tion. One intr iguing f inding not normally associated with 
wound  healing was the discovery of muscular  arterioles 
within channel  remnants ,  in addit ion to the proliferating 
capillaries characteristic of granulat ion tissue. It is cur- 
rently unclear whether  and how these vessels contribute 
to the chronic clinical benefits of TMLR. Independen t  of 
the importance of these vessels, the results of this study 
suggest that mechanisms other than blood flow through 
large-diameter channels  should be considered as con- 
tr ibuting to both the acute and  chronic clinical benefits of 
TMLR. 

This work was supported by a grant from CardioGenesis Cor- 
poration (Sunnyvale, CA) and by research funds from the 
Department of Surgery, Columbia University. 

References 

1. Lary BG. Effect of endocardial incisions on myocardial blood 
flow. Arch Surg 1963;87:424-7. 

2. Sen PK, Daulatram J, Kinare SG, Udwadia TE, Parulkar GB. 
Further studies in multiple transmyocardial acupuncture as 
a method of myocardial revascularization. Surgery 1968;64: 
861-70. 

3. Beck CS, Stanton E, Batiuchok W, Leiter E. Revascularization 
of heart by graft of systemic artery into coronary sinus. 
JAMA 1948;137:436-42. 

4. Key JA, Kergin FG, Martineau Y, Leckey RG. A method of 
supplementing the coronary circulation by a jejunal pedicle 
graft. J Thorac Surg 1954;28:320-30. 

5. Vineberg AM, Syed AK. Arterial vascular pathways from 
subclavian arteries to coronary arterioles created by free 
omental myocardial implants: a preliminary report. Can 
Med Assoc J 1967;97:399-401. 

6. Vineberg AM, Munro DD, Cohen H, BuUer W. Four years 
clinical experience with internal mammary artery implanta- 
tion in the treatment of human coronary artery insufficiency 
including additional experimental studies. J Thorac Surg 
1955;29:1-32. 

7. Kadowaki MH, Levett JM. Sympathectomy in the treatment 
of angina and arrhythmias. Ann Thorac Surg 1986;41:572-8. 

8. Mirhoseini M, Shelgikar S, Cayton MM. New concepts in 
revascularization of the myocardium. Ann Thorac Surg 1988; 
45:415-20. 

9. Mirhoseini M, Shelgikar S, Cayton M. Clinical and histolog- 
ical evaluation of laser myocardial revascularization. J Clin 
Laser Med Surg 1990;June:73-8. 

10. Kohmoto T, Argenziano M, Vliet KA, et al. Assessment 
of transmyocardial perfusion in alligator hearts. Circulation 
1997;95:1585-91. 

11. Horvath KA, Mannting F, Cummings N, Shernan SK, Cohn 
LH. Transmyocardial laser revascularization: operative tech- 
niques and clinical results at two years. J Thorac Cardiovasc 
Surg 1996;111:1047-53. 

12. Cooley DA, Frazier OH, Kadipasaoglu KA, et al. Transmyo- 
cardial laser revascularization: clinical experience with 
twelve-month follow-up. J Thorac Cardiovasc Surg 1996;111: 
791-9. 

13. Eliseenko VI, Skobelkin OK, Brekhov EI, Zdradovskii SR. 
Morphological study of myocardial revascularization by la- 
ser. Bull Exp Biol Med 1985;98:1730-3. 

14. Hardy RI, Bove KE, James FW, Kaplan S, Goldman L. A 
histologic study of laser-induced transmyocardial channels. 
Lasers Surg Med 1987;6:563-73. 

15. Whittaker P, Rakusan K, Kloner RA. Transmural channels 
can protect ischemie tissue: assessment of long-term myo- 
cardial response to laser- and needle-made channels. Circu- 
lation 1996;93:143-52. 

16. Horvath KA, Smith WJ, Laurence RG, Schoen FJ, Appleyard 
RF, Cohn LH. Recovery and viability of an acute myocardial 
infarct after transmyocardial laser revascularization. J Am 
Coll Cardiol 1995;25:258-63. 

17. Goda T, Wierzbicki Z, Gaston A, Leandri J, Vouron J, 
Loisance D. Myocardial revascularization by CO 2 laser. Eur 
Surg Res 1987;10:113-7. 

18. Krabatsch T, Dorschel K, Tulsner J, et al. Transmyocardial 
laser revascularization--initial results in treating diffuse 
coronary disease. Lasermedizin 1995;11:192-8. 

19. Kohmoto T, Fisher PE, Gu A, et al. Does blood flow through 
holmium:YAG transmyocardial laser channels? Ann Thorac 
Surg 1996;61:861-8. 

20. Kohmoto T, Fisher PE, Gu A, et al. Physiology, histology, and 
2-week morphology of acute transmyocardial channels 
made with a CO 2 laser. Ann Thorac Surg 1997;63:1275-83. 

21. Whittaker P, Kloner RA, Przyklenk K. Laser-mediated trans- 
mural myocardial channels do not salvage acutely ischemic 
myocardium. J Am Coll Cardiol 1993;22:302-9. 

22. Kohmoto T, Fisher PE, DeRosa C, Smith CR, Burkhoff D. 
Evidence of angiogenesis in regions treated with transmyo- 
cardial laser revascularization [Abstract]. Circulation 1996; 
94(Suppl 1):294. 

23. Burkhoff D, Fisher PE, Apfelbaum M, Kohmoto T, DeRosa CM, 
Smith CR. Histologic appearance of transmyocardial laser 
channels after 4-1/2 weeks. Ann Thorac Surg 1996;61:1532-5. 

24. Cooley DA, Frazier OH, Kadipasaoglu KA, Pehlivanoglu S, 
Shannon RL, Angelini P. Transmyocardial laser revascular- 
ization: anatomic evidence of long-term channel patency. 
Tex Heart Inst J 1994;21:220-4. 

25. Chilian WM, Mass HJ, Williams SE, Layne SM, Smith EE, 
Schell KW. Microvascular occlusions promote coronary col- 
lateral growth. Am J Physiol 1990;258(Heart Circ Physiol 27): 
1103-11. 


