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A B S T RA C T Since the ability of mature inter-
coronary collateral channels to increase myocardial
blood flow in response to drug-induced coronary
vasodilation has been questioned, the present study
was undertaken to evaluate the response of coronary
collateral circulation to the stress of exercise. Studies
were performed at rest and during two levels of tread-
mill exercise in six dogs a minimum of 6 mo after
placement of an Ameroid constrictor on the left cir-
cumflex coronary artery. Regional myocardial blood
flow was estimated in normally perfused anterior and
predominantly collateral-dependent posterior left
ventricular wall with left atrial injections of radio-
nuclide-labeled microspheres 7-10lOtm in diameter.
At rest, heart rate was 87+7 beats/min and mean
myocardial blood flow was comparable in control and
collateral-dependent regions (0.96+0.13 and 0.97
+0.14 ml/min g, respectively). During exercise, heart
rates increased to 180+13 and 228+14 beats/min and
myocardial blood flow (MBF) in the anterior control
region increased linearly with heart rate (HR),
(MBF = 0.133 HR - 0.202, r = 0.88). MBF to the
posterior collateral-dependent region was similarly
augmented during exercise (MBF = 0.140 HR- 0.252,
r = 0.89), so that the linear correlation between HR
and MBF was similar for the control and collateral-
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dependent regions. In addition, the trainsmurial
distribution of MBF was uniform at rest and during
exercise in both the anterior control and posterior
collateral-dependent regions. Thus, not only could the
mature intercoronary collateral vasculature supply
adequate flow at rest, but when subijected to the nattural
stress of exercise, the increase in flow to the predom-
inantly collateral-dependent area was similar to that in
the normally perfused area.

INTRODUCTION

Substantial evidence has been accuimiulated to demoni-
strate the rapid growth of intercoronary collateral
vessels in response to gradual coronary artery occlusion
in the dog. The functional capacity of fully transformed
collateral vessels, however, has not been clearly
defined. By quantitating total collateral inflow anid
transmural distribution, it has been demonstrated that
during quiet resting conditions there is no difference
in myocardial perfusion by the well-developed
collateral circulation and the normal coronary circula-
tion (1-4). In contrast to the resting state, however, it has
been shown that during pharmacologically induced
coronary vasodilatation or atrial pacing, blood flow to
collateral-dependent regions does not increase as muchl
as flow to normally perfused areas (1, 3-5). It was
questioned whether a similar deficit in peifision of
collateral-dependent myocardium wouild occuir durin-g
the coronary vasodilatation and tachycardia of exercise.
Consequently, the present stuLdy was performed to
measure regional myocardial perfusion an-d transmural
distribution of myocardial blood flow during exercise
in dogs with Ameroid constrictors chronically im-
planted on the proximal left circuimflex coronary
artery. To ensure that a mature collateral circulatioll
was being assessed, a minimum of 6 mo was allowed
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from the time of' constrictor implantation to the experi-
mental intervention.

METHODS

Eight adult mongrel dogs weighing 22-34 kg were chosen
f'or their ability to run on a motor-driven treadmill (model
1849-D, Quinton Instruments, Seattle, Wash.). After an-
esthesia with sodium thiamylal (20-30 mg/kg) and ventilation
by a Harvard respirator (Harvard Apparatus Co., Inc., Millis,
Mass.) a left thoracotomy was performed in the fourth inter-
costal space. The proximal 1.5 cm of thae circumflex branch
of the left coronary artery was dissected free and an Ameroid
constrictor (Threepoint Products, Montreal, Quebec, Canada),
chosen to fit snugly in contact with the artery, was placed
around the vessel proximal to any branches (6). All ani-
mals survived this surgery, but two aniimals subsequently
died, one 17 days and one 21 days postoperatively.
Dogs were maintained on a normiial laboratory diet and
were allowed to exercise in open rtuns ad libitum. 6- 10 mo
(mean = 8 mo) after the initial surgery, the six surviving
animals underwent a second left thoracotomy and a heparin-
filled polyvinyl chloride catheter, 3 mmOD, was inserted
into the left atrial cavity through the atrial appendage and
secured with a purse-string suture. A similar catheter was
introduced into the arch of the aorta via the left internal
mammary artery. Both catheters were tunlneled to a stub-
cutaneous pouch at the base of the neck but were not
exteriorized to protect them from damiiage.

7- 10 days after the second surgical procedure, a brief
retraining period of' 1-2 days was hegutn on the treadmill.
Studies were performed 9-29 days after the second surgery
when the dogs were free f'rom fever, anemia, or other
evidence of ill health. On the morning before study, the left
atrial and aortic catheters were exteriorized from the sub-
cutaneous pouch using 2% lidocaine infiltration anesthesia.
The arterial catlheter was attached to a Statham P23Db pressure
transducer (Statham Instruments Div., Gould Inc., Oxnard,
Calif.) mounted on the dog's side and to a polyethylene tube
connected to a withdrawal pump (model 1210, Harvard
Apparatus Co., Inc.). The left atrial catheter was connected
via a polyethylene tube to a Stathamii P23Db transducer posi-
tioned on the treadmill cage at the level of the left
atrium. Four ECG needle electrodes were placed intra-
dermally on the dog's ventral thorax and secured by sutures.
Mean aortic and left atrial pressures an-d the electrocardiogram
were recorded continuously on a direct-writing oscillograph
(model 7700, Hewlett-Packard Co., Palo Alto, Calif.). Electro-
cardiograms obtained during exercise were adequate to
exclude cardiac arrhythmias, but not to exclude ST or T-wave
changes.

Measurements of regional myocardial blood flow were made
by injecting into the left atrium carbonized microspheres
(Nuclear Products Division, 3M Co., St. Paul, Minn.) 7-10
,tm in diameter labeled with gamma-emitting radionuclides
'41Ce, 5'Cr, 15Sr, or 46Sc. The microspheres were diluted in
10% low molecular weight dextran so that 1.0 ml, the volume
injected, contained approximatelv 3 million microspheres.
Before each injection, the microspheres were mixed by
alternate agitation for at least 15 min in an ultrasonic bath
and vortex agitator. Complete dispersion was verified by
microscopic examination of a drop of the microsphere
suspension. NMyocardial blood flow was measured dturing
resting control conditions while standing, and during two
levels of exercise on the treadmill, designated light and
moderate. Light exercise was defined as the speed and grade
(mean, 4.5 mph, 4% grade) necessary to increase heart rates
approximately 90 beats/min above the resting heart rate, while
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moderate exercise (mnean, 6 mph, 8% grade) was that level
required to achieve heart rates of approximately 140 beats/min
above the resting rate. Two dogs were studied with only one
level of exercise in addition to the restinig state, this level
being light in one case and moderate in the other. During
each intervention, 1.0 ml of the inicrosphere sulspeinsion was
injected over a 5-s interval into the left atritumii. The left atrial
catheter was then flushed with 10 ml of isotonlic saline. Eaclh
microsphere injection was mlade 60 s after a hemiiodynamic
steady state had been achieved (90- 120 s after the onset of
exercise), as monitored by healrt rate and arterial pressure.
This 60-s time interval was chosen since previous investi-
gators have shown that heart rate and coronarv artery blood
flow reach a steady state 10-20 s after the onset of exercise
(7, 8). Beginning simultaneously with each injectioni and coI-
tinuing for 90 s, a reference sample of arterial blood was
collected from the aortic caltheter at a constanit rate of 15.0
ml/min with the withdrawal pump.

After completing the study, the dog was anestlhetized with
sodium thiamylal and sacrificed with a lethal dose of' potas-
sium chloride. The heart was removed and fixed in 10%
buffered formalin. The mean heart weight was 208+f8 g and
mean left ventricular weight was 121±+6 g. The circ umflex
branch of the left coronary artery was sectioned at the site of
the Ameroid constrictor and was noted to be completely
occluded in each instance. The aorta, atria, riglht ventricle,
epicardial fat, and large surface vessels were dissected from
the left ventricle andl discarded. The left ventricle was thenl
sectioned into f'our transverse rings of approximnately equtal
thickness parallel to the mitral valve ring, as previouisly
described (9). The two central sections, rings 2 anid 3, whicil
comprised 57+1% of the left ventricular weight were uised
f'or study. Two full-thickness tissue 1l)ocks encomiipassing
approximately 1.5 cm of the ouiter circumiiferenice of these two
rings were removed, one fromii the anterior ventricular wall
in the region including the anterior papillary muscle, and one
from the posterior ventricular wall in the region including
the posterior papillary muscle. Since injectionis of methylene
blue into the circumflex coronary artery demonstrated myo-
cardial staining witlhin a distribution encomnpassing the
posterior papillary muscle tissue blocks, these specimens
were taken to represent the collateral-dependeint myocardial
regions, while the corresponding anterior papillary muiscle
specimens served as controls (10). Each tissue block was then
sectioned into four equial transmural layers from the epicardial
to the endocardial suiface, weighed, and placed in vials for
counting. These layers will subsequently be referred to as
layers 1 to 4, layer 1 being the most epicardial and layer 4 the
most endocardial.

The myocardial and blood reference samiiples were counited
in a gamma spectromiieter with window settings selected to
correspond to tlhe peak energies of each nucelide. A digital
computer was used to correct the couints per minilute recorded
in each window for background activity and f'or contaminant
activity contributed by the accompanying isotopes. Knowing
the rate of withdrawval of the reference sample (Fr) and the
radioactivity in the reference sample (Cr), imiyocardial
sample radioactivity (C,,,) was used to compute mvocardial
blood flow (Fm) by tlhe formula:

FM = Fr* Cm/Cr.

Each sample blood flow was then divided by the sample
weight and expressed as milliliters per mintute per gram of
myocardium.

The regional myocardial blood flow to rings 2 and 3 was
analyzed with multiple paired t tests comparing each regioni
and layer in ring 2 with the corresponding specimen in ring
3. The P valtues were adjusted by the Bonferonni inequiality



TABLE I
Hemodynamic Data

Heart rtte, beats/mmiiii Aortic presstsre, mmnHg Left atrial pressture, mmnHg

Light Moderate Light Moderate Light Moderate
Rest exercise exercise Rest exercise exercise Rest exercise exercise

1 102 195 234 85 98 120 5 5 5
2 60 160 220 106 120 132 1 6 9
3 78 155 200 90 105 122 2 3 3
4 90 226 280 80 110 125 2 4 4
5 90 165 77 115 5 5
6 102 204 105 122 4 2

Mean 87 180* 228* 91 110* 124* 3.3 4.8 4.6
+ SE 6.5 13.4 14.4 5.1 3.8 2.1 0.7 0.6 1.2

Heart rate, mean aortic pressure, and mean left atrial pressure of all dogs studied at rest and during
light and moderate exercise.
* Denotes P < 0.005 in comparison with values at rest.

(11) which corrects for performing mtultiple tests on correlated
data, i.e., each P value was multiplied by the number of paired
t tests performed on each set of data and a P valtie of <0.05
was required for statistical significance. Since no statistically
significant difference in blood flow to corresponding regions
in rings 2 and 3 was found, data from the two rings were
combined for suibsequent analysis. The transmural distribu-
tion of flow from endocardium to epicardium was analyzed
by computing a collateral flow index for each transmural
layer, obtained by dividing flow to each layer of the collateral-
dependent posterior papillary muscle region by flow to the
corresponding anterior region. Mean regional blood flow for
each intervention was determined by averaging the flow to all
four layers. Regression equations for heart rate plotted
against mean blood flow to anterior and posterior papillary
muscle regions were determined. An analysis of covariance
was performed to compare the slopes of the resultant anterior
and posterior regression lines.

RESULTS

Table I displavs the hemodynamic data during resting
conditions and two levels of treadmill exercise from six
dogs with Ameroid occlusion of the left circumflex
coronary artery. During quiet resting conditions, heart
rates raniged from 60 to 102 beats/min and mean
arterial pressures were 77-106 mmHg. During light
exercise, heart rates were 155-226 beats/min (mean
increase from rest to light exercise = 93+11 beats/min),
and mean arterial pressures were 98-120 mmHg.
Heart rates during moderate exercise ranged from 200
to 280 beats/min (mean increase from rest to moderate
exercise = 141+15 beats/min), and mean arterial
pressures ranged from 120 to 132 mmHg. Arterial
pressure increased significantly from rest to light
exercise, and underwent a further significant increase
from light to moderate exercise (P < 0.01). Left atrial
pressures ranged from 1 to 9 mmHgand did not change
significantly during exercise.

Myocardial blood flow to the control and collateral-

dependent regions and to each transmural layer
increased linearly with heart rate (Table II, Fig. 1).
Flow to the anterior control region increased 117±23%
during light exercise and 212+21% during moderate
exercise, as compared to the mean blood flow measured
at rest. Flow to the posterior collateral-dependent
region was similarly augmented 118±21% and 232
±25% during light and moderate exercise. Mean
myocardial blood flow to the control and collateralized
regions plotted against heart rate are shown in Fig. 2.
For both the anterior and posterior regions there was
a positive linear correlation between heart rate and
blood flow (r = 0.88 and r = 0.89, respectively).
Analysis of covariance demonstrated that the slopes of
the two regression equations were not significantly
different (P > 0.3). Thus, total blood flow to the

TABLE II
Myocardial Blood Flow

Anterior papillary mntscle region Posterior papillary mntscle regioni

Light Moderate Light Moderate
Dog Rest exercise exercise Rest exercise exercise

mulg/mnin

1* 1.18 2.52 4.13 1.26 2.62 4.50
2* 0.60 1.78 2.16 0.70 2.00 2.55
3 0.89 1.78 2.59 0.91 1.88 2.94
4 1.43 2.24 3.59 1.41 2.18 3.38
5t 0.91 2.07 0.85 2.04
6 0.74 2.50 0.70 2.88

Mean 0.96 2.08 2.99 0.97 2.14 3.25
-SE ±0.13 ±0.14 ±0.34 ±0.14 ±0.14 ±0.32

Mean myocardial blood flow for each dog at rest and during light
and moderate exercise.
* Arterial segment within the Ameroid constrictor recanalized.

Arterial segment within the Ameroid constrictor totally occluded.
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FIGURE 1 Mean blood flow±SEM to all transmural layers
of the anterior and posterior papillary mtuscle regions of the

left ventricle at rest and during light and moderate exercise.

collateralized area was comparable to flow in the
normal myocardium both at rest and during exercise.

Transmural distribtution of flow was examined by
computing a collateral flow index for each transmtural
layer (Table III). This index was computed as the ratio
of blood flow to the posterior collateral-dependent
region divided by blood flow to the corresponding
anterior control region. This ratio was not significantly
different from 1.00 except in layer 1, the most epicardial
layer, during both light and moderate exercise, and in
layer 2 at rest. In these cases, the collateral flows
actually exceeded the control flows. Thuis, resting
blood flow and the auigmented flow dturing exercise
was uniformly distribtuted across the myocardial wall
in the collateral-dependent region, as well as the
normal myocarditum.

Fig. 3 presents a comparison of the present data
with results of a study previously reported from this
laboratory in which the response of myocardial blood
flow to graded treadmill exercise was examined in a

group of nine control dogs with a normal coronary

circulation (9). All the data points are represented in
this graph, where posterior papillary muscle region
flows are plotted against the corresponding anterior
papillary muscle flows for each transmural layer in each
of the six dogs at rest and during light and moderate
exercise. It was found that 59 of the 64 data points fell
within the 95% confidence limits defined in the pre-

vious study. Thus, blood flow to both the anterior and
posterior papillary muscle regions of the dogs in the
present study did not differ significantly from that
observed in normal dogs (P > 0.3).

All hearts were examined for gross or microscopic
evidence of infarction. In one heart (dog no. 5), an area

of patchy subendocardial fibrosis was found in the
posterior papillary mtuscle region, comprising approx-

imately 10% of layer 3 and 40% of layer 4. The resting
blood flow in this region, compared to the correspond-
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ing anterior region, was similar in layer 3 bllt decreasedl
34% in layer 4. Dturing exercise, however, the percenit-
age increase in blood flow for layers 3 anid 4 was
comparable in the posterior and anterior regions. This
dog was included in the stuidy since the decreatsed
absoltute flow did not significantly change thle mileani
flow valuies for the grouip and since thie ability to
atugment flow was not compromised by the presence
of scar tisste.

DISCUSSION

The radionu clide-l abeled microsphlere teclhiiiqu e has
previouisly been shown to provide accturate ain(l re-
produicible measuirements of both total orgain 1l)oodl
flow and blood flow to smiall regions of' the left ven-
tricuilar myocardiium (12). Althouigh this teclhniquie lhas
been uised extensively for sttudy of' the coronary
collateral cil cul ationi, presuimably witlh similar rieli-
ability (1-5, 13), it mutst be ackniowledgedl thlat the
precision with which microsphleres esti mate collateral
blood flow has not been extensively evaluated. How-
ever, in comparison with other techniquies (suichi as
measurement of retrograde coronary pressuire or flow,
or accutmulationi or clearancce of diffusible radioactive
indicators), the microsphere techniquie offers several
important advantages for assessment of the inter-
coronary collateral circulation in awake animiials. First,
the technique avoids the substantial technical coml-
plexities involved in obtaining measuremiienits of'
retrograde flow or pressture distal to a coronary artery
occlusion in awake animals. Second, because the
microspheres are permanently trapped at the micro-
vascular level, there is no necessity for rapid removal
of the tissue to be analyzed as is the case with diffuisilble
indicators. Finally, the availability of isotopes labeled
with several gamma-emitting radionuticlides allows for
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TABLE III
Posterior Papillary MusclelAtiterior

Papillary Muscle Flow Ratios

Tranisisstiratl lavers

1 2 3 4

Rest 1.13±0.07 1.09±0.03* 0.97±0.05 0.93±0.07
Light

exercise 1.17±0.06* 1.07±0.04 1.06±0.05 0.87±0.08
Moderate

exercise 1.23±0.08* 1.07±0.04 1.08±0.05 1.04±0.04

Ratios of posterior papillary muscle region blood flow divided by
anterior papillary muscle region blood flow for each transmutral layer
mneastured at rest and duiring light and moderate exercise. V'altues are
mean ±SEM.
* Denotes P < 0.05 in comparison with a ratio of 1.00.

mutltiple determinations of blood flow within the samiie
clog with each alnim-al serving as its own control.

It hals been repeatedly demonstrated thalt in the clog a
smn-all intercoronary collateral circutlation is fuinctionial
i mmediately after suIdden coronary artery occlutsion
(13- 17). Sttudies in which gradtual coronary insif-
ficiency was prodtuced by an externally controlled
conistrictor cuiff have demonstrated that these pre-
existing collateral vessels can uindergo suibstantial
development in a remarkably short time (18-20). One
metlhod uised to explore the growth potential of inter-
coroniary collateral channels lhas been the Ameroid
constrictor model. Water absorption by the hygroscopic
Ameroid material progressively narrows the artery
ltiimen with total occltusion occturring in approximnately
21/2 wk, probably aided by connective tisstue reaction
in and arouind the stenosed vessel and by thrombosis
(1). This method greatly redtuces the incidence of myo-
carclial infarction and the mortality from ventrictular
fibrillation which frequiently accompanies actute coro-
nary artery occltusion (1). In the present stuidy, twNo of
eiglht dogs died within 1 mo after Ameroid constrictor
implantation, a time interval which encompassed the
period of progressive stenosis and expected complete
occltusion. Only one ofthe sturviving six dogs developed
myocardial infarction, indicating the stubstantial growth
potential of a collateral circulation in response to
gradtual coronary artery occltusion. The occturrence of
infarction may be explained by observations showing
that for a short time before and after Ameroid occlut-
sion, perfusion of the collateral-dependent myocar-
ditum may be inadequiate (20).

The histology and time couirse of collateral vessel
transformation after implantation of an Ameroid con-
strictor around the left circutmflex coronary artery in
dogs has been studied in detail by Schaper (1). He
observed no ftirther histologic change in the collateral
vessel wall between 6 and 12 moafter Ameroid implan-
tation, and concluded that the transformation process

which restulted in a normal artery was completed within
the initial 6-mo interval. Consequiently, the dogs
incltuded in this paper were sttudied at a minimtum of
61/2 mo after implanting the Ameroid constrictor to
ensture that a mlatuire collateral circtulation was being
assessed.

Althouigh the Ameroid occltusion model has been
a widely uised techniqtue, systematic investigation of
the possibility of incomplete coronary artery occltusion
or recanalization of the occltusion has not been re-
ported. The arterial segment within the Ameroid
constrictor from three hearts in this study, all of whichl
grossly appeared to be completely occltuded, were
stubjected to serial sectioning and microscopic examin-
ation. One of these three specimens demonstrated
total occltusion of the artery by dense fibrouis tisstue.
Similar scar tisstue was present in the arterial lutmen
of the otlher two specimens, btut in each a recanalized
lutmen traversed the length of the Ameroid constric-
tor. In both of these hearts, the external diameter of the
circtumflex coronary artery was fouind to be 3.0 mm;
the diameters of the recanalized lutmens were 0.35 and
0.23 mm, respectively. Assuiming the internal diameter
of the original artery to be 2.0 mm, these recanalized
lutmens represent cross-sectional areas of approx-
imiately 3.1 and 1.3% of the normal arterial luimen. The
recanalized segment tindoubtedly condtucted ante-
grade flow into the region of myocarditunm distal to the
Ameroid constrictor. It seems likely, however, that the
contribuition of this vessel wvotld not be greater than
that of two or three typical intercoronary collateral
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FIGURE 3 Posterior papillary muscle region blood flows are
plotted against the corresponding anterior papillary muscle
region blood flows for all transmural layers in each dog at
rest and during light and moderate exercise. The 95%
confidence limits obtained in a control study of nine dogs
with normal coronary arteries are shown for comparison.
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vessels (generally 40-200 gum in diameter), and
functionally would merely add an additional collateral
channel.

In contrast to the acute occlusion state in which
collateral flow is small and nonuniformly distributed
across the myocardial wall, the well-developed col-
lateral circulation produced by Ameroid occlusion is
adequate to perfuse its dependent myocardium during
resting conditions (1-4). However it has been sug-
gested that even in hearts with well-developed
collateral vasculature, blood flow to collateral-dependent
areas may be unable to increase normally and trans-
mural perfusion may be altered (3). In open-chest
dogs studied 3-6 wk after Ameroid occlusion had
been documented by coronary angiography, Schaper
et al. (3) found that endocardial/epicardial ratios of
tracer microspheres were comparable in the posterior
papillary muscle and anterior papillary muscle regions
during resting control conditions (1.06 and 1.07,
respectively). However, coronary vasodilation pro-
duced by administration of lidoflazine resulted in a
highly significant transmural redistribtution of blood
flow in the collateral-dependent area, the endocardial/
epicardial flow ratio in the posterior left ventricular
wall decreasing significantly to 0.78, while in the
anterior control region this ratio (1.03) did not change.
Although lidoflazine increased flow to all areas of the
heart, augmentation of flow to the collateral-dependent
region was significantly less (1.70 times control flow)
than to normally perfused areas (2.5 times control).
Similar results have been reported with dipyridamole
and norepinephrine (1, 4, 5). In addition, atrial
pacing 3 moafter Ameroid constrictor implantation has
been shown to increase blood flow in normal myocar-
dium, but to decrease flow in the subendocardium of
the collateral-dependent area (4). It thus appeared that
during pharmacologically induced coronary vasodila-
tion, the collateral circulation could not augment flow
as much as the normal coronary circulation, nor
distribute it uniformly across the myocardial wall. The
present study, however, did not reveal such a defi-
ciency in total inflow or transmural distribution during
the natural stress of exercise.

Why the collateral vasculature responded differently
to the stresses of exercise and drug-induced coronary
vasodilation is not immediately apparent. Factors
which might influence total blood flow and transmural
distribution to the collateral-dependent area include
the degree of collateral maturity, coronary perfusion
pressure, and the anesthetized, open-chest state. As
previously described, the transformation process of the
collateral vessel wall does not appear to be complete
until approximately 6 mo after Ameroid implantation.
Thus, it is possible that the 6-mo interval observed
in the present study allowed the collateral vessels to
achieve a greater potential for carrying blood than in

previous studies in which pharmacologic vasodilators
were administered 3-6 wk after Ameroid occlusion.

Availability of blood to the collateral-dependent
myocardium could potentially be limited by the resist-
ance to flow offered by the arteries which supplIy the
collateral vessels. In the present study, heavy exercise
increased flow to the collateral-dependent and conitrol
areas more than threefold, while Schaper observed
flows after lidoflazine infusion that were 2.5 times
control in the anterior papillary muscle region and
only 1.7 times control in the posterior papillary muscle
region. Since flows during exercise in the present study
were substantially greater than those measured b)y
Schaper et al. (3) dIuring lidoflazine administration, it
is unlikely that in Schaper's study the arteries supply-
ing the collateral vessels had reached their maximiiumil
flow capacity. It is possible that the resistance to flow
imposed by the collateral vessels could become signif-
icant if sufficient decrease in perfuision pressure
occurred, however. Aortic pressure during administra-
tion of a coronary vasodilator may decrease signifi-
cantly, while during exercise a significant increase in
aortic pressure occurred. It is likely that the response
of arterial pressure may be an important consideration
when collateral blood flow is compared during coronary
vasodilation produced by different mechanismiis.

Even in the presence of a totally normal coronary
circulation, the aniestlhetized, open-chest dog preL)ara-
tion may demonstrate nonuniform transimural myo-
cardial perfusioni duiring high flow states, especially
in the distribtution of the left eirecumflex coronary
artery. Cobb et al. (12) observed that in open-clhest
dogs with normal coronary arteries, adenosine prodtuced
a fourfold average increase in total flow to the mvo-
cardium, but the subendocardial flow to tlhe posterior
wall and posterior papillary muscle regions increased
significantly less than flow to the subendocardiumil of
the anterior wall. Althouigh the explanation for this is
not clear, the data suggest that the response of the coro-
nary vasculature to coronary vasodilator stimuli in the
open-chest dog may differ from that in the awake dogr

This stuLdy has confirmed the ability of a well-
developed coronary collateral circulation to perfuse its
dependent myocardium during quiet resting condi-
tions in the dog. More importantly, it demonstrated
that during the natural stress of exercise, blood flow
in all four of the transmural quiarters of the predomi-
nantly collateral-dependent myocardium increased as
much as in the normally perfused myocardium. Since
the microsphere technique does not assess nutritional
blood flow, however, the possibility that arteriovenious
shunting may have occurred in the predominantly
collateral-dependent area cannot be excluded. To
result in microsphere trapping, however, such slhunts
would be required to have a functional diameter
smaller than the microspheres (7-l10 ,m). Neverthe-

6 P. R. Lambert, D. S. Hess, and R. J. Bache



less, in the absence of biochemical data, the possibility
that myocardial ischemia may have occurred in tlhe
collateral-dependent myocardium at some time during
the exercise intervention cannot be uinequiivocally
excltuded. In addition, althouigh this stuldy revealed no
inadequacy in the ability of the matture collateral cir-
ctulation to perfuse its dependent myocarditum, it does
not excltude the possibility that perfuLsion deficits couild
occutr with more streintuotis exercise.
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