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A b s l r a c t  The concept of direct 
myocardial revascularization, achiev- 
ing myocardial perfusion through 
means other than the normal coro- 
nary vasculature, has a long history 
with the most widely investigated 
technique being the Vineberg proce- 
dure; current interest centers around 
the encouraging preliminary clinical 
results obtained with transmyocardial 
laser revascularization. Despite sig- 
nificant previous research, the acute 
blood flow potential through the 
direct myocardial route remains 
unknown. Nontransmural laser chan- 
nels were made in the distal LAD 
territory from the epicardial surface 
of 5 mongrel dogs to which an inter- 
nal mammary artery was connected. 
A flow probe was placed on the distal 
most portion of the artery and an 
intercostal branch was cannulated for 
infusion of colored microspheres. 
Measurements were taken under 
baseline conditions and following 
LAD and epicardial collateral liga- 

tion. Under  all conditions, blood 
flow pattern was of a to-and-fro 
nature. At baseline, there was an 
average 0.60 + 0.24 ml/min net flow 
into the myocardium which was all 
contained within 0.5 cm of the central 
channel with a final myocardial perfu- 
sion of 0.011 + 0.016 ml/min/g. Fol- 
lowing induction of ischemia average 
flow increased to 1.41 _+ 0.51 ml/min 
which extended as far as i cm from 
the channel with a final myocardial 
perfusion of 0.22 _+ 0.19 ml/mirdg. In 
conclusion, a limited amount  of acute 
myocardial perfusion can be achieved 
by the present technique of direct 
myocardial revascularization and the 
amount of flow is highly dependent  
upon the amount of flow through the 
native circulation. 
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Introduction 

The concept of direct myocardial revascularization 
(DMR),  achieving myocardial perfusion by means other 
than through the normal coronary vasculature, has a rela- 
tively long history dating back at least to the 1930s when 
pericardial-to-myocardial adhesions were made to prom- 

ote the development of an extra-cardiac myocardialblood 
supply (14). Of the many D MR techniques investigated, 
the Vineberg procedure (implantation of an internal mam- 
mary artery directly into the myocardium) was the 
technique which received the greatest attention, having 
been performed in an estimated 15000 patients world- 
wide (15). However, due to perfection of the techniques 
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of direct coronary artery revascularization (coronary 
bypass surgery) which are applicable to a vast majority 
of patients, most basic and clinical research concerning 
DMR was abandoned (see ref. (14) for a review of the 
history of the Vineberg procedure). Now, with growing 
appreciation for the significant number of patients suffer- 
ing from angina despite maximal medical therapy in 
whom traditional methods of revascularization (bypass 
surgery and or angioplasty) cannot be applied due to dif- 
fuse coronary atherosclerosis, there has been renewed 
interest in investigating methods of DMR. This is 
reflected prominently in current interest in transmyocar- 
dial laser revascularization (TMR) (3, 5, 11), a technique 
in which a laser is used to create transmyocardial chan- 
nels, in principle, for direct myocardial perfusion from the 
LV chamber. 

However despite a great deal of previous research, par- 
ticularly concerning the Vineberg procedure, many ques- 
tions remain regarding how effective DMR techniques 
can be in restoring blood flow to ischemic myocardium. 
Previous research, limited somewhat by techniques avail- 
able at the time, focused on the chronic blood flow capac- 
ity of the implanted internal mammary artery. However, 
with recognition that DMR techniques such as the Vine- 
berg procedure as well as TMR provide immediate relief 
of angina, it is pertinent to question their acute blood flow 
capacity. 

Accordingly, the sole purpose of the present study was 
to specifically address the fundamental physiologic ques- 
tion of whether blood could flow directly into the myocar- 
dium from other than a coronary arterial source. We quan- 
tified acute myocardial perfusion via a DMR technique 
similar to the Vineberg procedure in which an internal 
mammary artery was connected on the epicardial surface 
of the heart to a nontransmural myocardial laser channel 
(described in detail below). It was reasoned that this 
technique would optimize acute direct myocardial perfu- 
sion since the diastolic pressure gradient for blood flow 
would be large (compared to a TMR channel which con- 
nects on the endocardium to the LV chamber) and the sur- 
face area for blood exchange made with a long laser chan- 
nel would be greater than that achieved by burying an 
internal mammary artery in the myocardium. In order to 
avoid potential confusion about the purpose of this study, 
it is important to note from the onset that it was not our 
intention to specifically simulate either the Vineberg 
procedure or the TMR procedure nor to investigate the 
potential clinical applicability of a new technique of direct 
myocardial perfusion; rather, it is to investigate the funda- 
mental question raised above. 

Methods 

All animals received humane care in compliance with the 
"Principles of Laboratory Animal Care" formulated by 
the National Society for Medical Research and the 
"Guide for the Care and Use of Laboratory Animals" pre- 
pared by the Institute of Laboratory Animal Resources 
and published by the National Institutes of Health (NIH 
publication 86--23, revised 1985). 

Surgical procedures 

Five mongrel dogs (24 - 28 kg) were anesthetized (pen- 
tobarbital sodium, 30 mg/kg iv) and a midline sternotomy 
was performed under mechanical ventilation. Leads were 
placed to measure a body surface electrocardiogram. A 
Millar catheter (5F) was advanced through the apex to 
measure LV pressure. The left and right internal mammary 
artery (IMA) were dissected free from the thoracic wall. 
After heparinization (5,000 U iv bolus), the proximal por- 
tion of both IMAs were clamped and all distal intercostal 
branches were ligated and cut; the distal IMAs were 
severed. A short 14GTeflon cuff (7 mm long) was inserted 
into the distal IMA and fixed with a 4-0 silk suture. In 
order to allow for measurement of the pressure inside the 
IMA, a micro-tip pressure transducer catheter (2 F; Mil- 
lar Instruments, Inc., Houston, TX) was introduced into 
the IMA through one of the intercostal branches which 
was approximately 10 cm from the distal end of the IMA 
(Fig. 1). A 24G catheter was inserted into another inter- 
costal branch approximately 5 cm from the distal end of 
the IMA which was used for injection of colored micro- 
spheres (discussed below). 

Two non-transmural laser channels (one in the LAD 
territory and one in the circumflex territory) were then 
created from the epicardial surface using a fiber optic 
cable with a 1.75 mm focusing lens (CardioGenesis Co., 
Sunnyvale, CA) connected to a holmium:YAG laser (Car- 
dioGenesis Co., Sunnyvale, CA). The firing of the laser 
was synchronized with the R wave of the electrocardio- 
gram, with each firing of the laser consisting of three 
pulses of energy (2J/pulse); three to four bursts were 
required to create each non-transmural channel. The non- 
transmural nature of the channel was confirmed during 
the experiment by lack of any arterial blood pumping vig- 
orously through the channel penetration and was also con- 
firmed macroscopically at the end of each experiment by 
visually inspecting the endocardial surface; none of the 10 
channels created in this study penetrated the endocar- 
dium. The depth of the channel through the myocardium 
was regulated by a stop on the laser probe which allowed it 
to penetrate -0 .8  to 0.6 cm into the muscle. As detailed in 
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Fig. 1 Schematic of experimental setup showing that the IMA was 
connected to a non-transmural laser channel via a short plastic stent. 
A flow probe was placed on the most distal portion of the IMA and a 
2F micromanometer was inserted into an intercostal branch to record 
IMA pressure. A second intercostal branch was cannulated for 
microsphere injection. 

previous studies (6), there is a thin (--~ 75 ix) rim of 
thermo-acoustic injury surrounding the channel lumen. 
In addition, there is disruption of the normal, tight side- 
to-side myocyte coupling in an area significantly greater 
than that of the thermal injury, creating what can be 
described as extravascular sinusoids for potential blood 
flow exchange. 

A purse-string suture (4-0 polypropylene suture) was 
placed around the epicardial opening of the channel and 
the cuff connected to the IMA was inserted into the chan- 
nel and held in place with the suture (Fig. 1). The cuff was 
withdrawn from the channel as much as possible in order 
to allow the greatest intramyocardial surface area. The 
right IMA (RIMA) was connected to the channel in the 
LAD territory and the left IMA (LIMA) was connected 
to the channel in the LCX territory. A 1.8 mm flow probe 
(Transonics Inc., Ithaca, NY) was placed around the IMA 
just proximal to the Teflon cuff (Fig. I); this single probe 
was moved back and forth between the two IMAs to 
record flows at different times during the experiment. 

Finally, the proximal left anterior descending artery 
(LAD) was dissected just distal to the takeoff of the first 
diagonal branch and a suture (3-0 silk) was passed 

beneath the vessel (but not ligated at this time). All visible 
epicardial vessels supplying collateralization to the LAD 
territory supplied by the circumflex or right coronary 
arteries were ligated. 

Protocols 

The preparation was allowed to stabilize for approxi- 
mately 30 min after completion of the surgical proce- 
dures. Under these baseline conditions, simultaneous 
measurements of electrocardiogram, LIMA pressure 
(LCX territory), LV pressure and distal IMA blood flow 
were obtained. The flow probe was then moved to the 
RIMA (LAD territory) and measurements repeated. In 
order to measure the extent of the perfusion through the 
channels, colored microspheres (1.5 x 10 s spheres, 15 txm 
diameter; Dye-Trak, Triton Technology, San Diego, CA) 
were injected into the LIMA, and then, into the RIMA 
through the previously inserted catheters. The micro- 
sphere colors were chosen randomly among the four 
colors available (white, yellow, red, blue) and a different 
color was selected for each injection. After completing 
the microsphere injections into both IMAs, the LAD was 
ligated proximal to the first diagonal branch by tying the 
previously places suture to make the distal LAD territory 
ischemic. The hemodynamic recordings were repeated 
(only recording flow on the RIMA) and a third set of 
microspheres (1.5 • 105 spheres, third color) was injected 
into the RIMA to measure the extent of the perfusion 
under these "ischemic" conditions. The microspheres 
were not injected into the LIMA a second time because 
the LCX territory was not rendered ischemic. At the con- 
clusion of the experiment, the two regions of the heart 
containing the channels were individually isolated and 
these regions were cut into circular rings with" the channel 
at the center; the thickness of each ring was approxi- 
mately 0.5 cm and the maximum distance from the chan- 
nel was 2.0 cm. The boundaries of the rings were marked 
on the epicardial surface with a scalpel blade and a ruler; 
the myocardium was then cut with the blade. All samples 
were stored at 4 ~ and processed for microsphere analysis 
(7). 

Data analysis 

Hemodynamic data were stored on computer at a sampl- 
ing rate of 200 Hz and analyzed offline. Color micro- 
sphere density was analyzed as a function of distance from 
the channel. Retrieval and calculation of microsphere 
number were performed as described previously (6, 7). In 
brief, tissue samples were digested and the spheres were 
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retrieved by filtration of the digestate. The dye on the 
microspheres was then itself digested into solution using 
dimethylformamide and the photometric absorption of 
the resulting sample was measured by a diode array spec- 
t rophotometer  (model 8452A, Hewlett-Packard Co., 
Palo Alto, CA). The composite spectrum of each dye 
solution was resolved at the peak frequencies into the con- 
tributions from the individual colored spheres using a 
matrix inversion technique (7). The number of spheres in 
each sample was calculated according to the absorbance 
of each dye color using standardization curves generated 
from known quantities of spheres from the same batch. 

The extent of the perfusion was defined by the number 
of the microspheres detected per gram of myocardial tis- 
sue. In addition, regional blood flow (RBF) through the 
channel was also calculated using standard calculations 
(13): 
RBF = FLOWx~ A �9 N / Ntota 1 [1] 
where FLOWIMA is the total IMA blood flow measured 
from the flow probe, N is the number of microspheres per 
gram of tissue in the sample and Ntotal is the total number 
of microspheres injected into the IMA. 

Results 

Pressure gradients, blood flow patterns 
and magnitudes of perfusion during DMR 

Typical experimental recordings, shown in Fig. 2, reveal 
the usual temporal relationships between the electrocar- 
diogram and the left ventricular pressure (LVP) tracing. 
The IMA pressure tracing resembles a typical central aor- 
tic pressure tracing, except that its peak is slightly delayed 
compared to that of LVP due to the finite pressure pulse 
wave velocity. The tracings reveal the relatively large pres- 
sure gradient between IMA and LVP during diastole. 
Thus, by connecting the IMA to a nontransmural channel, 
there is a positive pressure gradient for diastolic blood 
flow into the myocardium. 

The blood flow pattern within the IMA, shown at the 
bot tom of Fig. 2, is of a to-and-fro nature. The flow direc- 
tion is into the channel during ventricular diastole, during 
the time when muscles are relaxed and when there is the 
greatest positive pressure gradient from IMA to LV. The 
flow direction is out of the channel during ventricular sys- 
tole, during the time when muscles are contracting and 
there is very little pressure gradient between the IMA and 
the LV. Peak flow into the channel averaged 35.7 + 19.4 
ml/min, and the average total flow into the myocardium 
(determined by averaging flow tracing during the inflow 
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Fig. 2 Typical experimental tracings of the electrocardiogram 
(ECG), LV pressure, IMA pressure and IMA distal flow. Recordings 
taken under baseline conditions prior to LAD ligation. Note that 
positive flow is directed into the channel, and that this only occurs 
during diastole. In this example there was a mean net inflow into the 
myocardium of 0.55 ml/min. 

portion) was 0.072 + 0.034 ml/beat. Although the mag- 
nitudes of the flow into the channel and flow out of the 
channel were comparable,  there was a small net flow into 
the myocardium which averaged 0.60 + 0.24 ml/min in the 
five hearts studied under the baseline (nonischemic) con- 
ditions. 

Proximal LAD ligation, which rendered the region 
where the RIMA-channel resided ischemic, did not cause 
any significant change in global hemodynamic parameters 
as shown in Table 1 although the anterior wall was grossly 
cyanotic. Hemodynamic tracings obtained after LAD 
ligation revealed the same to-and-fro pattern of blood 
flow with the same phasic relationship to systole and dias- 
tole as under baseline conditions (Fig. 3) with only subtle 

Table 1 Hemodynamic data showing that there was no significant 
impact of mid-LAD ligation on global hemodynamic parameters 
(n = 5). 

Baseline Values After Proximal 
LAD Ligation 

Heart Rate 96 + 17 90 _+ 23 
(beats/min) 

LVend-diastolic 5 + 1 6 _+ 1 
pressure (mmHg) 

LVpeaksystolic 93 + 14 84 +_ 17 
pressure (mmHg) 

MeanfMApressure 80 + 18 74 + 15 
(mmHg) 
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Fig. 3 Typical experimental tracings taken after LAD ligation 
(same heart as in Fig. 2) showing the same relationship between flow 
direction and phase of cardiac cycle (flow into the myocardium 
during diastole). Net mean flow into the myocardium increased to 
1.5 ml/min in this case. 

qualitative changes in the flow patterns. Peak flow into 
the channel averaged 37.6 + 23.6 ml/min, and the average 
total flow into the myocardium was 0.080 + 0.44 ml/beat, 
or 1.41 _+ 0.51 ml/min under these conditions. 

Extent of myocardial perfusion via DMR 
assessed by microspheres 

The density of microspheres (number of spheres/gram of 
tissue) retrieved from the myocardium around the chan- 
nel is summarized in Fig. 4 as a function of distance from 
the channel. When the LAD was patent, there were very 
few microspheres detected, even within myocardium 
directly surrounding the channel. Tissue which was 0.5 cm 
or more from the channel had no spheres detected. In con- 
trast, when the LAD was ligated there was a much greater 
number of microspheres detected and they penetrated 
into the lnyocardium a much greater distance. A signifi- 
cant number of spheres was detected in myocardium up to 
1 cm from the channel (Fig. 4, asterisk indicate measure- 
ments which are statistically different than measurements 
under control conditions with p < 0.05 by ANOVA 
followed by a Mann-Whitney post hoc test). 

Since we measured the total net rate of blood inflow into 
the myocardium and we know the total number of spheres 
injected into the myocardium it was possible to estimate 
the blood flow per gram of myocardium under the differ- 
ent conditions (Eq (1)). This calculation showed that 
blood flow to myocardium within 0.5 cm of the channel 
averaged 0.011 _+ 0.016 ml/mirdg tissue under normal con- 
ditions and this increased to 0.22 + 0.19 ml/min/g tissue 

after LAD ligation. Blood flow to myocardium between 
0.5 and 1.0 cm from the channel, which was essentially 
undetectable under baseline conditions, averaged 0.043 
+ 0.083 ml/min/g (i.e., not significantly different than 
zero) in tissue under ischemic conditions. 

Discussion 

The results of the present study indicate that a limited 
amount of acu te  myocardial perfusion can be achieved by 
the present technique of direct myocardial revasculariza- 
tion (DMR). Under conditions when blood flow through 
the local native circulation was normal, only --0.60 ml/ 
min net perfusion was achieved. DMR perfusion 
increased to 1.41 ml/min when native coronary perfusion 
was reduced by LAD ligation (a situation which, when 
combined with epicardial collateral ligation, reduces nor- 
mal coronary flow to less than 15 % of normal (6)). Under 
this condition, microspheres were detected as far as 1.0 
cm from the channel. Whereas normal myocardial blood 
flow is between 0.5 and 1 ml/min/g tissue, the present com- 
bination of the IMA with a non-transmural laser channel 
was able to provide a maximum of 0.2 ml/min/g in tissue 
adjacent to (up to 0.5 cm from) the channel and only 
under ischemic conditions. While the physiologic signifi- 
cance of the DMR flow was not directly assessed, these 
measurements suggest that the amount of acute perfusion 
achievable could not support contractile activities though 
it may be sufficient, under some circumstances, to pre- 
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Fig. 4 Myocardial microsphere density as a function of distance 
from the channel measured under two conditions: baseline, control 
conditions and under ischemic conditions induced by LAD ligation. 
Error bars denote one standard deviation. Note that the status of 
blood flow through the native coronary circulation markedly effects 
myocardial penetration of microspheres, and thus blood. * p < 0.05 
compared to control measurement by ANOVA folIowed by a Mann- 
Whitney post hoc test. 
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serve myocardial viability of a small amount of myocar- 
dium in the face of acute ischemia. 

While the specific techniques employed in the present 
study did not simulate either the Vineberg procedure or 
the case of transmyocardial laser revascularization, we 
propose that the results do offer some physiologic infor- 
mation that may be pertinent to both procedures. Results 
of preliminary clinical studies suggest that TMR markedly 
attenuates angina in a group of patients who are not candi- 
dates for bypass surgery or for angioplasty (3, 5). There is 
also evidence that regional myocardial perfusion increases 
a small amount in the chronic setting, a situation which 
may involve a rather complicated and as yet only partially 
elucidated chronic tissue response including angiogenesis 
(1, 3, 6, 8). However, it is important that the acute blood 
flow potential of this procedure be understood since 
angina is relieved immediately following the procedure. 
The present results suggest that while direct blood flow 
into the myocardium is possible, particularly when the 
myocardium is ischemic, this was reliant upon the exis- 
tence of a positive pressure gradient for blood flow during 
ventricular diastole, a situation which does not exist for 
true TMR channels. Accordingly, the amount of perfusion 
achievable by acute TMR would be expected to be less 
than observed in the present study. 

The question of myocardial blood flow capacity 
through an implanted internal mammary artery (IMA) 
was central to the debate over the clinical utility of the 
Vineberg procedure (14). Most of the previous experi- 
mental work focused on long-term chronic results (several 
weeks or greater after surgery) with the emphasis on 
determining the blood flow capacity after development of 
new collateral vessels which connected to the native circu- 
lation (neovascularization) (2, 4, 12, 16), particularly 
when the process of neovascularization is stimulated by 
the simultaneous infusion of specific growth factors (10). 
Accordingly, the results of the present study, which show a 
very limited capacity for achieving direct myocardial per- 
fusion, suggest that any potential success of the Vineberg 
procedure is most likely reliant on the development of the 
new collateral vessels rather than via a mechanism involv- 
ing direct myocardial perfusion. 

An additional issue not addressed in the present study 
was the question of whether the blood flowing into the 
region ultimately drains via the native vasculature. As we 
have noted above, the laser channel is associated with dis- 
ruption of the normal, tight, side-to-side myocyte coupl- 
ing in an area extending beyond the channel lumen itself, 
creating what can be described as extravascular sinusoids 
for potential blood flow exchange. Histologic examina- 

tion reveals a large amount of red cells in the interstitial 
space between myocytes a substantial distance from the 
channels; as would be expected, there are occasionally 
vascular structures (arterial and venous) which appear to 
be communicating with these sinusoids. However, we 
have only rarely been able to identify microspheres; they 
are only 15/x, and their density is very small compared to 
that of red cells. It is our hypothesis that the red cells pre- 
dominantly travel in the interstitial spaces, but because 
there is a net inflow of blood without an obvious continual 
increase in wall thickness, the blood must drain through 
the native vessels. 

It was not specifically determined in the present study 
why IMA-channel flow increased following LAD liga- 
tion. One possibility may relate to the regulation of coro- 
nary flow by regional contractile strength which is 
decreased following LAD occlusion. Resistance to flow 
through the coronary circulation is determined by instan- 
taneous myocardial stiffness (9) (not intramyocardiat 
pressure per se) and therefore resistance to blood flow 
through the IMA may decrease substantially following 
LAD ligation. Alternatively, there may be competition 
between the two circulations and that ordinarily the 
native circulation, which has a much higher flow, domi- 
nates. Independent of the mechanism, however, this find- 
ing indicates that blood flow via a DMR technique will 
depend upon the status of flow through the native circula- 
tion. 

As the number of patients already having undergone 
multiple coronary procedures (bypass surgeries and/or 
angioplasties) presenting with one or more diffusely dis- 
eased arteries grows, there is an increasing need to perfect 
means of achieving myocardial perfusion without the use 
of the native coronary vasculature, i.e., by techniques of 
direct myocardial perfusion. The results of the present 
study suggest that a very limited amount of acu te  perfu- 
sion can be achieved by DMR. This may reflect a funda- 
mental myocardial property which imposes limitations on 
acute blood flow capacity via DMR. Although addressed- 
in many previous studies, similar questions still remain 
regarding the chronic blood flow capacity of a DMR 
technique, particularly when coupled with techniques 
such as stimulation of angiogenesis (10) which may prove 
particularly effective in restoring myocardial perfusion to 
regions without graftable epicardial coronary arteries. 
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