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A B S T RA C T Coronary vasodilators have been vari-
ously reported to increase, decrease, or have no effect
upon blood flow to ischemic myocardium. Conse-
quently, the effects of two different types of dilators,
nitroglycerin (TNG) and dipyridamole, were studied
with radioactive microspheres in open-chested dogs
after coronary artery ligation. Given as a bolus i.v.
injection, 0.4 mg TNG resulted in an increase in
blood flow to nonischemic areas of myocardium and a
preservation of flow to ischemic regions, despite a fall
in blood pressure. 5 min later blood pressure and
nonischemic flow were back to base line, and a small
selective increase in flow to ischemic myocardium
was found (0.15-0.18 ml/min per g, P < 0.05). During
an 0.2 mg/min infusion of TNG, and also after 1 mg/kg
i.v. dipyridamole, ischemic flow was maintained in
the face of a 20-30%o reduction in blood pressure.
In this setting, nonischemic flow was unchanged
during TNG and doubled after dipyridamole. With
the addition of methoxamine in both dilator groups,
blood pressure retumed to base line while flow to
ischemic areas increased above base-line values (TNG,
0.16-0.20 ml/min per g, P < 0.01; dipyridamole, 0.18-
0.31 ml/min per g, P < 0.05). Epicardial ST segment
elevations increased during TNG infusion and were
unchanged after dipyridamole, but with addition of
methoxamine, ST segments became less elevated in
both drug groups, concomitant with the observed in-
crease in collateral blood flow. These data indicate
thaA both types of coronary vasodilators, when used
in conjunction with methoxamine to support blood
pressure, reduce collateral resistance, increase collat-
eral flow, and reduce epicardial ST-segment ele-
vations.
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INTRODUCTION

Coronary vasodilators increase myocardial blood flow
in hearts with normal coronary arteries and may also
increase flow when coronary artery occlusive disease
is present (1). However, in the latter situation, in-
creased flow may merely be going to myocardial
regions fed by normal vessels rather than areas sup-
plied by obstructed vessels. While some investigators
have found that vasodilators increase flow to com-
promised myocardium (2-8), others have found a de-
crease or no change (9-14). Fam and McGregor (11)
have pointed out that these discrepancies may be re-
lated in part to differences in action among the various
coronary dilators. Nitrates (e.g. nitroglycerin), which
effect mainly large epicardial conductive arteries, may
selectively increase flow to ischemic areas, while non-
nitrate dilators (e.g. dipyridamole), which affect pri-
marily small precapillary resistance vessels, may de-
crease flow in areas of myocardial ischemia by dilating
arterioles in nonischemic areas ("coronary steal").

The purpose of this paper was to study in more
detail the effects of cornary vasodilators on left ven-
tricular blood flow distribution during regional myo-
cardial ischemia. Radioactive microspheres were used
to separate subendocardial and subepicardial flows
in ischemic and normal regions. Measurements were
made during drug-induced hypotension and repeated
after blood pressure had been returned to base line
with the alpha-adrenergic agonist methoxamine.

METHODS
30 mongrel dogs weighing 16-25 kg were anesthetized with
sodium pentothal, 25 mg/kg, followed by 0.4 cm3/kg of mixture
containing 10 g alphachloralose in 100 cm3 polyethylene
glycol 400. Supplemental doses of the chloralose mixture
were given as necessary. Respiration with room air was
maintained by Harvard pump (Harvard Apparatus Co., Inc.,
Millis, Mass.) and cuffed endotracheal tube. The heart was
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exposed through a left thoracotomy. Aortic and left atrial
pressures and heart rate were monitored continuously.
Cardiac output was measured by indocyanine green dilu-
tion with left atrial injection (2 mg dve), femoral artery
sampling (Gilford densitometer, 43 ml/min, Gilford Instru-
ments Laboratories, Inc., Berlin, Ohio), and a dynamic
calibration technique (15). Calibration and experimental
curves were adjusted to approximately the same height.
In five dogs an insulated wire was sutured to left atrial
appendage for pacing. With limited dissection, ligatures
were passed around the anterior descending cornarv artery
(LAD)' or most of its major branches.

Regional left ventricular blood flow was measured with
radioactive microspheres. The method is based on the princi-
ple that microspheres injected into the left atrium distribute
systemically in proportion to blood flow and because of their
size are trapped in precapillarv arterioles in their first
passage through the circulation. The number of particles
in any region of myocardium, reflected bv the radioactivity, is
proportional to flow. The microspheres used were mainly
15+5 ,um in diameter, obtained from the 3MCo. (Minneapolis,
Minn.) as 1 mCi of nuclide suspended in 10 cm3 of 10%
dextran with one drop of Tween 80 to minimize clumping.
They were labeled with one of the gamma-emitting nu-
clides 169Yb, 14'Ce, or 85Sr. In some experiments, spheres
of 8-10 um diameter labeled with 14'Ce, 5'Cr, or 46Sc
were used (described below). Slightly higher ratios of inner
wall to outer wall radioactivity have been found with 15 ,um
spheres than with 8-10 Amspheres or diffusible indicators
(16). However, the differences have been small, and all of
these tracers appear to measure full thickness flows and
directional flow changes equally well (16).

The extent and degree of myocardial ischemia was esti-
mated from ST-segment elevation in epicardial electrocardio-
grams (17). These were recorded at 10-15 sites on the anterior
left ventricular surface at vessel bifurcations to allow easy
relocation. A 0.01-inch diameter, insulated, braided stainless
steel wire was attached to the V lead of a standard electro-
cardiograph. A 1-mm loop in the end was held manually
against the epicardial surface with just enough pressure to
produce minimal distortion in the wire. Elevation of the ST
segment was measured from the base line to a point on the
ST segment 0.10 s after the onset of ventricular activation
at a standardization of 1 mV/mm. Recordings were made at
each site before comary artery ligation and just after each
microsphere injection. The ST-segment deviation present
before ligation was subtracted from that present afterwards
to determine the change due to ischemia. Sites with more than
2 mV ST elevation before coronary occlusion were seen
occasionally (usually related to coronary artery manipulation)
and were excluded. An index of ischemia corresponding
to each blood flow measurement was obtained by summing
the significant ST elevations (>2 mV) present in each dog
(I ST).

After control hemodynamic and electrocardiographic
measurements, diagonal branches of the LAD or the LAD
itself were ligated. 60 min later a "control" blood flow
measurement was made for each dog by injecting 1-2 million
spheres labeled with '69Yb into the left atrium in 5 ml saline
over 5-10 s and flushing the catheter with an additional 3 ml
saline. Before injection, the vial containing microspheres

1 Abbreviations used in this paper: CCR, coronary collateral
resistance; HR, heart rate; LAD, anterior descending coronary
artery; MAP, mean arterial pressure; MBF, myocardial blood
flow; NICR, coronary resistance in nonischemic myocardium;
OF, subepicardial flow in the ischemic region; SVR, system
vascular resistance.

was vigorously agitated on a mechanical mixer for 1-2 min.
Blood was simultaneously withdrawn from brachial and
femoral arteries with a Harvard pump (Harvard Apparatus
Co., Inc.) at 1.4 cm3/min for 3 min, beginning just before
microsphere injection. These collections were used to quanti-
tate myocardial flow as described below.

In a group of 10 dogs, 0.4 mg nitroglycerin in 5 ml saline
was then given rapidly i.v. The nitroglycerin solution was
prepared bv dissolving a crushed sublingual tablet in saline.
At the peak of hypotension, about 30 s after nitroglycerin,
1-2 million microspheres labeled with a second nuelide,
141Ce (15 ,um), were injected into the left atrium and ref-
erence blood samples collected. Although a true steady state
was not present, it is likelv that most of the microspheres
reached mvocardial and reference sites within the first
30 s while the blood pressure remained reduced (18).
5 min after nitroglycerin, when systemic hemodvnamic
changes had disappeared, a third set of microspheres iabeled
with 85Sr was given.

In another group of eight dogs, nitroglycerin was given as
an i.v. infusion. 1 h after ligation, after control injection of
169Yb microspheres, 0.4 mg nitroglycerin was given rapidly
i.v. and a constant infusion of 0.2 mg in 5 cm3 saline/min
started with an infusion pump (Sigmamotor, Inc., Middleport,
N. Y.). 10 min later microspheres labeled with 141Ce (15
gm) were given. While continuing nitroglycerin, an i.v. drip
of methoxamine hydrochloride (20 mg in 1,000 cm3 saline)
was begun and titrated to bring the mean aortic blood pres-
sure back to its prenitroglycerin level. This usually took
5-10 min. Microspheres labeled with 85Sr were then given.

In another group of seven dogs the effects of the non-
nitrate coronarv vasodilator dipyridamole were studied.
1 h after coronarv ligation 169Yb microspheres were injected.
1 mg/kg dipyridamole was then given as an i.v. bolus and
flow was measured 10 min later with 14'Ce (15 ,tm) spheres.
The duration of action of a single i.v. bolus of dipyridamole
has been shown to be greater than 15 min (19). The drtug
was obtained in ampules of 2 cm3 containing 10 mg dipyrida-
mole, 4 mg tartaric acid, and 100 mg polvethylene glvcol
600 (Boehringer-Ingelheim, Ltd., Elmsford, N. Y.). After ad-
justment of mean aortic blood pressure to the predrug level
with i.v. methoxamine, flow was again measured with 85Sr
spheres (approximately 10 min after 141Ce spheres).

In an additional group of dogs the effects of nitroglvc-
erin and dipyridamole were studied at constant heart rate
and mean aortic pressure. Flow was measured after 60
min of ischemiiia with 7-10 ,um 1'4Ce microspheres and epi-
cardial electrocardiograms recorded. Three dogs were given
nitroglycerin 0.4 mg followed bv an infusion of 0.2 mg in
5 cm3 saline/min; two other dogs received a single i.v.
injection of 1 mg/kg dipyridamole. After 10 min 51Cr (7-10
,tm) spheres were injected and epicardial electrocardiograms
repeated. Mean aortic pressure was adjusted to control
levels with i.v. methoxamine and left atrial pacing was in-
stituted to prevent a fall in heart rate below predrug levels.
Flow measurements (7-10Aum46 Sc spheres) and epicardial
electrocardiograms were performned again.

At the end of each experiment, the margins of cyanosis
were determined visuallv and recorded relative to the
epicardial vascular pattern, and the dogs were killed with
potassium chloride. The free left ventricular wall was cut
into 50-70 ordered pieces of 0.4-2.0-g size. After discard-
ing gross epicardial fat and blood vessels, each piece was
subdivided into inner and outer halves, weighed, placed in
plastic tubes and counted in a 3-inch well type scintilla-
tion counter (Nuclear Chicago, Searle Analytic Inc., Des
Plaines, Ill.) at each of three energy windows characteristic
for the nuclides used. The reference arterial bloods taken
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during microsphere injection were counted in aliquots in
identical fashion. Geometrical differences between tissue and
blood samples in the counting chamber were found to be
unimportant. The activities of the three nuclides in each
sample were separated by gammaspectrometry and the counts
per gram of tissue computed for each. Myocardial blood
flow, in milliliters per minute per gram, was calculated
for each nuclide by the formula: MBF= Cmx RBF/Cr,
where MBF= myocardial blood flow, Cm= counts per gram
in myocardial samples, RBF= reference blood flow (Harvard
pump withdrawal rate), and Cr = counts in reference blood
samples (obtained by averaging the total counts of the simul-
taneous brachial and femoral samples). This relation follows
from the fact that microspheres adequately mixed in the left
atrium distribute to myocardium and peripheral artery in
proportion to the blood flow to each. The radioactivity of
femoral and brachial artery samples differed by less than
20%o in 65/71 pairs and by less than 25% in 69/71.

After the flow for each sample was calculated, maps of
blood flow for the left ventricular free wall were constructed
(20). An "ischemic region" was defined for each dog consist-
ing of the samples within the distribution of the ligated
arteries with flow less than 50%o of the nonischemic posterior
wall. Epicardial electrograms over this area generally showed
elevated ST segments although isoelectric or depressed seg-
ments were sometimes present. The "nonischemic region"
consisted of six to eight samples in the posterior left
ventricular wall including the papillary muscle. Mean flows
in inner and outer portions of each region were determined
and compared before and after drug with each dog as its
own control.

As defined, the ischemic region clearly contained a
predominance of ischemic myocardium. Small amounts
of normally perfused tissue may have been inadvertantly
included, but probably not to a significant extent. Possible
misinterpretations of flow data could result from inclusion
of nonischemic tissue in the ischemic region. For example,
a selective incease in flow to nonischemic myocardium
might cause an apparent increase in the "ischemic region".
The sampling method used here minimized these errors.
Samples from the edge of the ischemic region were
cut along the cyanotic margin to exclude normal-looking tis-
sue. Samples with flow more than 50%1o of normal were ex-
cluded as being more likely to contain nonischemic muscle.
In previous studies using this sampling technique, increases
in nonischemic flow have been seen without concomitant
increases in flow to ischemic regions (21, 22), suggesting
a lack of significant overlap.

The accuracy of flow measurements using the microsphere
technique has been found to depend on the number of spheres
present in myocardial blood samples (18). Although individual
samples often contained small numbers of spheres, pooled
samples were used to determine average flows in ischemic
and nonischemic regions. 70 of 75 pooled ischemic samples
contained over 400 spheres (most over 1,000) and 68/75 pooled
nonischemic samples contained over 5,000 spheres. Ref-
erence blood samples always contained over 1,000 spheres.
From these values, a precision of 10-15% (SD) in ischemic
regions and 5-10%o in nonischemic ones was estimated (18).

Systemic vascular resistance (SVR) was calculated by
dividing the mean arterial pressure by the cardiac output.
Right atrial pressure was considered small relative to arterial
pressure and was omitted. An index of coronary resistance
in nonischemic myocardium (NICR) was obtained by di-
viding mean arterial pressure by mean blood flow in the non-
ischemic region. Coronary collateral resistance (CCR) was
calculated as the mean arterial pressure divided by the mean
blood flow in the ischemic region. Peripheral coronary

pressure was not measured and therefore not included in
the calculation. Previous studies have shown peripheral
coronary pressure to be relatively small and to change less
than aortic pressure under a variety of circumstances
(9).

Student's t test, adapted for paired comparisons, was used
to determine the statistical significance of differences.

RESULTS

General. 60 min after coronary artery ligation,
flow in the distribution of the ligated arteries was
reduced more in the center than at the edge (20).
In nonischemic myocardium flow was slightly greater
in the inner than the outer half of the ventricular
wall, but in the ischemic region this relationship
was reversed. (Table I). During the course of this
experiment, 60-90 min after coronary artery ligation,
flow distribution and electrocardiographic changes
have been shown to be stable (21).

Nitroglycerin. After rapid intravenous administra-
tion of 0.4 mg nitroglycerin, mean arterial pressure
declined maximally by 29%o at 35+5 s (SD); left
atrial pressure also fell and heart rate increased.
Meanwhile, blood flow to nonischemic myocardium
rose significantly (P < 0.01) with similar increases to
inner and outer halves of the ventricular wall. (Tables
I, II). Despite the fall in blood pressure, mean flow
to the ischemic region was maintained. There was
a slight increase in inner wall flow and a slight de-
crease in outer wall flow, the difference between inner
and outer being of borderline significance (P < 0.05).
NICR and CCRdecreased in all 10 dogs (Table III).
5 min after nitroglycerin, systemic hemodynamics and
coronary resistance were back to base line, and flow
to nonischemic tissue had returned to control. At this
time a small (about 20%) selective increase in flow
to ischemic tissue was seen in both inner and outer
halves. This flow increase was found in 8 of the 10
dogs; additionally, CCRremained below base line in
9/10 (Tables I-III).

ST-segment elevation in epicardial electrograms
(EST) was followed serially in 9 of the 10 experiments.
Initially, mean EST increased slightly from 35.6
+6.8 mV (SEM) to 38.0+7.9 mV after nitroglycerin
(t = 1.23, P <0.3). Over the next 15 min, EST de-
creased gradually; at 5 min it was 33.1+7.3 mV, at 10
min 30.7+7.4 mV, and at 15 min 28.6±+7.2 mV. The
values at 10 and 15 min were significantly less than
control (P < 0.05, P < 0.02, respectively). At 15 min,
IST was below ischemia base line in eight of nine
dogs.

When nitroglycerin was given as a constant i.v.
infusion, mean arterial pressure and SVRfell about 20%o
and heart rate increased slightly. Left atrial pressure,
cardiac output, NICR, CCR, and flow to nonischemic
tissue did not change. Despite the fall in blood pres-
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TABLE I
Effect of Nitroglycerin and Dipyridamole on Regional Left Ventricle Flow

Ischemic region Nonischemic region

Inner Outer Ftill Inner Outer Full

cm3/Minlg of iiyoccardiu,n (Oean + SEM)
(A) TNGbolus

Control 0.10+0.03 0.20+0.03 0.15+0.02 0.70+0.06 0.63±0.08 0.67±0.08
30 s 0.12±0.02 0.19±0.03 0.16+0.02 1.09±0.16* 0.86±0.14* 0.98±0.15*
5 min 0.12±0.02 0.24±0.034 0.18±0.02§ 0.75+0.09 0.71±0.10 0.73±0.09

(B) TNGinfusion
Control 0.11±0.02 0.21±0.03 0.16±0.02 0.93±0.13 0.84±0.13 0.89±0.14
Infusion 0.10±0.02 0.18±0.02 0.14±0.02 0.85±0.15 0.81±0.13 0.83±0.15
Infusion

+ methoxamine 0.13±0.02$ 0.26±0.04* 0.20±0.03* 1.02±0.21 0.92±0.18 0.97±0.20

(C) Dipyridamole
Control 0.13±0.03 0.22±0.04 0.18±0.04 0.77±0.08 0.76±0.07 0.76±0.07
Dipyridamole 0.15±0.05 0.16±0.044 0.16±0.04 1.50±0.35§ 1.44±0.32§ 1.47±0.33§
Dipyridamole

+ methoxamine 0.29±0.09§ 0.32±0.08 0.31±0.08§ 2.53 +0.51* 1.99±0.37* 2.26±0.42*

Inner, outer, and full refer to flow in subendocardial and subepicardial halves and average flow throughout region, respectively.
Section A is based on 10 dogs, B is based on 8 dogs, and C is based on 9 dogs (7 studied with 15-,tm spheres at uncontrolled
HRand 2 with 10-am spheres at constant HR).
Symbols indicate statistical significance vs. control (* = P < 0.01, 4 = P < 0.02, § = P < 0.05).
TNG, nitroglycerin.

sure, flow to ischemic myocardium was again main- atrial pressure and cardiac output, and decrease in
tained as with the bolus injection (Tables I-III). heart rate. The combination of nitroglycerin and
Methoxamine was then added to bring mean arterial methoxamine resulted in a small selective increase
pressure back to base line. SVR increased but CCR in flow to ischemic tissue; the increase was about 20%
was unaffected. There was also an increase in left in both inner and outer halves and was associated

TABLE II
Hemodynamic Effects of Nitroglycerin and Dipyridamole

SBP DBP MBP LAP HR co SVR

intm Hg muim Hg mmHg mrlm Hg beatsl/mmitl liters/mni,i U,

(A) TNGbolus
Control 126+6 101±6 109±6 5.4+0.6 106+7
30 s 95+9* 69+9* 77+9* 3.8+0.5* 128+9*
5 min 123±74 97±64 106±64 5.5±0.74 105±64

(B) TNGinfusion
Control 129±8 100±8 110±8 6.5±0.9 108±8 1.19±0.16 102±12
Infusion 104±6* 82±6* 88±6* 6.1±0.8 117±8 1.28±0.16 75±8*
Infusion

+ methoxamine 131+±9 102±84 113±84 10.0±1.5*4 94±8*4 1.46±0.24 93±17
(C) Dipyridamole

Control 113±6 85+7 96±6 6.7±1.5 124±6 0.99±0.10 106±+17
Dipyridamole 88+8* 54±8* 66±8* 6.0±0.8 97±7* 0.99±0.05 70+±11*
Dipyridamole

+ methoxamine 116±64 83±74 96±64 7.6±1.24 88±5* 1.20±0.12 87±12

CO, cardiac output; DBP, diastolic aortic pressure; LAP, mean left atrial pressure; MBP, mean aortic pressure;
SBP, systolic aortic pressure; and SVR, systemic vascular resistance. Values are means±SEM.
* Indicates statistical significance vs. control.
4 Indicates statistical significance vs. preceding line. Section C includes only the seven dogs with uncon-
trolled HR.
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with a reduction in collateral resistance below base
line in all eight animals (Fig. 1). These changes are
similar to those found 5 min after the bolus injec-
tion of nitroglycerin (Tables 1-111).

During nitroglycerin infusion, mean EST increased
significantly from 41.4±+12.5 (SEM) to 55.8+7.2 mV
(P < 0.05). With the addition of methoxamine EST de-
creased below ischemia base line in all eight dogs
and mean YEST fell to 25.3±+8.4 mV (P < 0.02 vs.
control).

From the blood flow maps, no specific pattern of
flow increase in ischemic areas could be identified,
although the marked variation in size and shape of
ischemic regions made interpretation difficult. The
problem was examined quantitatively by dividing the
ischemic region into zones of "severe" and "moderate"
ischemia. Samples with average flow 0-25% of
posterior wall were classified as "severe" ischemia
and pooled to determine flow before and after nitro-
glycerin. Samples with flow 26-50%/o of posterior wall
were considered "moderate" ischemia and analyzed
separately. Similarly, epicardial electrograms were
separated into sites with predrug ST-segment elevation
of 2-6 mV ("moderate") and >6 mV ("severe")
(Table IV). 5 min after the nitroglycerin bolus, absolute
flow was increased somewhat more in the moderate
ischemic than the severe ischemic zone (P < 0.01,
unpaired t test), but the percentage increases were
similar (21.0%o and 21.7%, respectively). ST-segment

TABLE III
Effects of Nitroglycerin and Dipyridamole

on Coronary Resistance

Coronary Nonischemic
collateral coronary
resistance resistance

(A) TNGbolus
Control 8.08±+0.89 1.77±0.16
30 s 5.75+0.92* 0.88+0.10*
5 min 6.61±+0.84* 1.60±0.14++

(B) TNGinfusion
Control 8.47± 1.65 1.39±0.17
Infusion 7.63± 1.23 1.20±0.13
Infusion

+ methoxamine 6.82±1.234+ 1.43±0.28

(C) Dipyridamole
Control 6.59±1.13 1.29±0.09
Dipyridamole 5.92±1.22 0.55±0.10*
Dipyridamole

+ methoxamine 4.81± 1.08t+ 0.54±0.11*

Symbols indicate statistical significance vs. control (* P < 0.01,
t P < 0.05).
+ Indicates significance vs. preceding line (+ =P < 0.05,
++ = p < 0.01).
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FIGURE 1 Effect of nitroglycerin (TNG) infusion on CCR
(see text) and blood flow to ischemic myocardium. Mean
aortic pressure adjusted to control levels with methoxamine
infusion. Each 0 represents an individual dog and -O0
indicates mean value; P refers to difference between means
(paired t test).

elevation was reduced similarly in both zones at 15
min. With the combination of nitroglycerin and methox-
amine, flow increased to about the same extent in
each zone, although ST segments were reduced more
at sites with greater initial elevation (P < 0.01).

Dipyridamole. After dipyridamole, 1 mg/kg i.v.,
mean arterial pressure fell an average of 31% without
significant changes in left atrial pressure or cardiac
output. Heart rate fell 23%, possibly related to a direct
effect of the drug on the sinus node (11). Blood flow
to nonischemic myocardium doubled, with approxi-
mately equal increases occurring in inner and outer
halves of the ventricular wall. Despite the fall in
blood pressure, flow to ischemic tissue fell only
slightly; this decrease was confined to the sub-
epicardial half of the wall. As a result the ratio of
subendocardial to subepicardial flow (I/O) increased
from 0.55 to 0.81 (P < 0.005). CCRdecreased in seven
of nine animals and increased in two, while the mean
value did not change significantly. The two animals
with an increase in CCRalso had the greatest fall
in mean arterial pressure (80-30 mmHg and 88-
50 mmHg).

When methoxamine was added to return mean
arterial pressure to control, left atrial pressure in-
creased and heart rate fell further, but NICR was
unaffected (Tables II, III). Blood flow to nonischemic
areas increased further to nearly three times control.
Flow to ischemic tissue also increased significantly,
averaging 72% above base line (P < 0.05). Increases
were seen to both inner and outer halves of the wall,
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TABLE IV
Blood Flow and ST Segments in Severe and Moderate Zones of Ischemia

Severe zone Moderate zone

Flow ST elevation Flow ST elevation
(0-25%) (>6 mV) (26-50%) (2-6 mV)

milminig mV mil/mnig mV
(mean +SEM) (mean±SEM) (meantSEM) (mean±SEM)

Ischemia 0.09±0.01 11.34+1.02 0.27±0.01 3.74+0.03
Ischemia + TNGbolus 0.11±0.01 9.59±0.93 0.32±0.02 2.95±0.51

P<0.001 P<0.20 P<0.001 P<0.05

Ischemia 0.10±0.01 11.82±1.09 0.31+0.02 4.20±0.23
Ischemia + TNG

+ methoxamine 0.14±0.01 8.50+0.94 0.36±0.02 2.83±0.31
P<0.001 P<0.001 P<0.001 P<0.001

Ischemia 0.09±0.01 13.67±1.26 0.32±0.02 4.00±0.25
Ischemia + dipyridamole

+ methoxamine 0.13±0.02 7.22±0.89 0.63±0.07 2.48±0.65
P<0.005 P<0.001 P<0.001 P<0.02

P values refer to difference between pairs of values in each column. TNG, nitroglycerin.

with greater percentage increases in inner half (Table
I). Flow increases to ischemic tissue were seen
in 7/9 animals, concomitant with a reduction in CCR
(Fig. 2).

After dipyridamole :ST decreased in five dogs and
increased in two, with no significant change in the
mean value (60.6±13.8 mV, SEM, to 51.9+9.2 mV).
During the combination of dipyridamole and methox-
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FIGURE 2 Effect of dipyridamole on CCR(see text) and full-
wall blood flow to ischemic myocardium. Mean aortic
pressure adjusted to control levels with methoxamine in-
fusion. * represents dogs with HR controlled by atrial
pacing; * animals where HR was allowed to fall. -0-

indicates mean values and P refers to difference between
means (paired t test).
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amine, EST decreased in all dogs and was less than
base line in six of seven; mean EST fell to 34.1+7.4
mV(P < 0.05 vs. control).

Examination of blood flow maps showed that the
increase in ischemic flow after dipyridamole tended to
occur more at the periphery of the ischemic region
than in the center. This was reflected in a greater
increase in flow to the "moderate" ischemic than the
"severe" ischemic zone (P < 0.001) (Table IV).

Effect of nitroglycerin and dipyridamole at constant
heart rate and blood pressure. With atrial pacing and
i.v. methoxamine, hemodynamic changes after nitro-
glycerin (three dogs) and dipyridamole (two dogs)
were minimized. Average values for the five dogs
included a heart rate of 124 beats/min (control = 124
beats/min), mean aortic pressure of 104 mmHg (control
= 99 mmHg), and mean left atrial pressure of 11.2
mmHg (control = 5.6 mmHg). Flow to the ischemic
region increased and collateral resistance decreased in
all five dogs. Furthermore, ST-segment elevation fell
in all five animals and mean EST decreased from
92.8 to 60.0 mV(Fig. 3).

Multiple linear regression analysis was used to
determine the quantitative relation between changes
in ST-segment elevation, and changes in blood flow,
heart rate, and blood pressure. Pooled data from the
nitroglycerin infusion and dipyridamole experiments
were used. When subepicardial flow in the ischemic
region (OF) and heart rate (HR) were used as inde-
pendent variables, changes in ST elevation could
be predicted from the formula: AST = 1.42 (AHR)
- 0.76 (AOF) + 11.38, with A representing changes in
each quantity expressed as a percentage. The overall



F value for this relation was 19.55 (P < 0.001, r = 0.77).
Subepicardial flow was a better predictor than either
subendocardial flow or full thickness flow although all
three flows correlated inversely with ST height.
ST segments could also be predicted from HR and
mean arterial pressure (MAP) by the equation AST
= 1.10 (AHR) - 1.79 (AMAP) - 15.17 (r = 0.78, F
= 21.58), since flow and arterial pressure were in-
versely related. Adding collateral resistance (ACCR)
helped the prediction slightly: AST= 1.18 (AHR)
- 1.54 (AMAP) + 0.36 (ACCR) - 7.19 (r = 0.80, F
= 15.45).

DISCUSSION

Regional MBF. The major finding of this study was
that both nitroglycerin and dipyridamole increased
collateral blood flow and reduced CCRwhen used in
combination with methoxamine. Given alone, both
vasodilators caused a fall in coronary perfusion pres-
sure by systemic vasodilatation, but flow to ischemic
tissue did not fall proportionately, suggesting a re-
duction in the resistance to collateral flow.

Certain earlier studies indicated that coronary vaso-
dilators could not improve perfusion of ischemic
regions (9, 10). Vessels within ischemic areas were felt
to be maximally dilated and the collateral vessels
supplying flow were considered passive tubes in-
capable of vasomotion. However, more recent studies
have shown that vasodilators may in fact increase
collateral flow (Table V) and that the changes in
flow depend on the relative changes in perfusion
pressure and collateral resistance.

Although the two agents had similar effects on col-
lateral flow, the overall pattern of response to nitroglyc-
erin and dipyridamole differed. 5 min after a bolus in-
jection, nitroglycerin caused a selective increase in
flow to ischemic tissue and no change in flow to
nonischemic areas. As an infusion, nitroglycerin caused
no change in flow to either ischemic or nonischemic
muscle, while dipyridamole caused an increase in non-
ischemic flow and a reduction in flow to ischemic sub-
epicardium. With blood pressure support, flow to
ischemic muscle was increased by both drugs, but non-
ischemic flow was increased only by dipyridamole.
These disparities probably stem from dipyridamole's
more potent small vessel dilating properties. Coronary
arteriolar dilatation led to increased nonischemic flow,
while more intense systemic arteriolar dilatation re-
sulted in a greater fall in blood pressure and thereby
a reduction in ischemic subepicardial flow.

Contrary to the present study, Fam and McGregor
(11) found that nitroglycerin increased collateral flow
only in dogs with "chronic ischemia" and well-
developed collateral vessels; no increase was seen in
dogs with acute coronary artery ligation. Dipyridamole
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failed to increase collateral flow in either preparation.
Fam and McGregor's results may have been
influenced by their use of dipyridamole for 5-6
mo in some of the animals, or their testing of nitro-
glycerin before dipyridamole in most of the experi-
ments. Another possibility relates to the retrograde
flow method they used. This technique appears to
underestimate collateral flow compared with "Rb
tracer uptake (23) or 85Kr gas washout (8), particularly
in ischemic subendocardium (23, 24).

Either direct or indirect cardiac effects could
theoretically explain the increased collateral flow and
reduced "collateral resistance" found here during vaso-
dilator-methoxamine administration. Vasodilator-
induced decreases in left ventricular filling pressure
could reduce the stretch on collateral vessels (10), but
filling pressures, reflected in left atrial pressure, were
actually unchanged or increased in this study. Reduced
afterload could lead to improved contraction in is-
chemic myocardial segments (25) and could thereby af-
fect local extravascular compressive forces; however,
CCRwas diminished even when aortic pressure was
maintained constant by methoxamine. Ganz and Marcus
(1) have shown that pacing-induced angina in man
is relieved by intravenous but not intracoronary nitro-
glycerin, suggesting an indirect effect of the drug;
however, it is difficult to know how far their results
in man can be extrapolated to the present animal
study.

It seems more likely that in this situation at least,
a direct action on coronary vessels was involved.
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TABLE V
Effect of Coronary Dilators on Flow to Ischemic Myocardium

Col-
lateral

References Method Subject Dose/route flow CCR

Nitrates
Wiggers and Green, 1936 (9) BF D, A NaNO2, i.v. NC D
Kattus and Gregg, 1959 (10) BF D, A TNG, 0.06 mg/min, i.c. NC NC
Leighninger et al., 1959 (2) BF D, A TNG, 0.6 mg, i.v. I 20%o D
Famand McGregor, 1964 (11) BF D, A TNG, 0.6-0.9 mg, i.v./SL D 16% D
Linder and Seeman, 1967 (12) i.c. '*Kr D, A TNG, 0.02-0.3 mg/kg, i.v./i.c. D 20% D
Pasyk et al., 1971 (13) i.e. 133Xe D, C TNG, 0.03-0.06 mg, i.c. NC ?
Mathes and Rival, 1971 (3) 86Rb D, A TNG, 0.05 mg/kg, i.v. I 25% D
Horwitz et al., 1971 (4) depot '3Xe M, A TNG, 0.4 mg, SL I 25% D
Weisse et al., 1972 (5) i.c. nKr D, A ISD, 0.013 mg/kg/min, i.v. I 53% D
Goldstein et al., 1974 (14) BF M, A TNG, 0.1 mg/min, i.a. NC D

Dipyridamole
Kiese et al., 1960 (6) H D, A 0.4 mg/kg/min, i.v. I 30%o D
Famand McGregor, 1964 (11) BF D, A 5-10 mg, i.v. D NC
Linder and Seeman, 1967 (12) i.c. 85Kr D, A 0.25-1.5 mg/kg, i.v./i.e. I 30%o D
Rees and Redding, 1967 (7) i.e. 133Xe D, A 0.5 mg/kg, i.v. 1* D*
Pasyk et al., 1971 (13) i.e. 133Xe D, C 0.5-1 mg, i.e., 3-5 mg, i.v. NC ?
Cibulski et al., 1972 (8) i.c. nKr D, A 0.5 mg/kg, i.v. I 900of Dt

Values for CCRnot explicitly given in references were estimated from available arterial pressure and
collateral flow data.
Abbreviations: Under Method, BF, backflow; i.e., intracoronary; H, heat clearance; Under Subject, D, dog;
M, man; A, anesthetized; C, conscious; Under Dose/Route, TNG, nitroglycerin; ISD, isosorbide dinitrate;
SL, sublingual; i.a., intra-aortic; Under Collateral flow and CCR, NC, no change; I, increase; D, decrease.
* Changes seen from 24 h to 10 days after coronary artery ligation but not at 2 h.
t Changes seen in animals with chronic but not acute ischemia.

Arterioles within an ischemic region are probably al-
ready maximally dilated, but further dilatation might
be possible in larger arteries (26) or capillaries ("re-
cruitment") in the ischemic region (27), or in adjacent
small arteries in nonischemic areas providing the
source of collateral flow (28). There is also a possi-
bility of direct dilatation of collateral vessels. Dipyri-
damole has been shown to enhance collateral develop-
ment (29), an action which is difficult to explain ex-
cept by direct effect on the collaterals themselves.

The alpha-adrenergic agonist methoxamine was used
to maintain aortic pressure. Although methoxamine by
itself reduces ischemic injury in experimental canine
infarction (17), this beneficial action is probably re-
lated to hypertension and increased collateral flow
(10). In our experiments blood pressure was returned
to, but not above base-line levels. Addition to methoxa-
mine in both vasodilator groups caused a fall in CCR,
probably mediated through an increase in perfusion
pressure with mechanical distension of collateral ves-
sels (26). Methoxamine could possibly have also en-
hanced collateral flow by direct stimulation of alpha-
receptors in small coronary arteries distal to the
origin of collateral vessels. Although these small ar-
teries are thought to contain beta- rather than alpha-
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receptors (30), the exact point of transition of alpha-
to beta-receptors along the course of an artery is
unknown. Additionally, methoxamine could have in-
directly increased collateral flow by stimulating a baro-
receptor reflex (31). However, we observed no reduc-
tion in coronary resistance in nonischemic myocardium
to suggest this mechanism, and it is unknown whether
collateral vessels would actually be involved in this
reflex.

Previous studies have suggested that nitrates may
alter the transmural distribution of flow, although re-
sults have been conflicting. Nitroglycerin given i.v.
during partial coronary occlusion (3, 19, 32, 33)
and also before a short period of complete occlu-
sion (34), caused a redistribution of flow toward
the endocardium. Intracoronary injection of nitroglyc-
erin caused a shift in the opposite direction (35).
In the nonischemic heart, nitroglycerin resulted in no
change in transmural flow (36). Dipyridamole has been
studied less intensively, but caused subendocardial
ischemia in one report (37) and no change in another
(19). In the present study, nitroglycerin did not alter
transmural flow distribution, but dipyridamole caused
a significant shift of flow toward the subendocardium
in ischemic areas. As suggested previously by Winbury



et al. (19) for nitroglycerin, this may have been related
to dilatation of small intramural perforating arteries
by dipyridamole. It seems clear from these conflict-
ing data that more work is needed to clarify the
effects of coronary dilators on transmural flow.

Myocardial injury. Myocardial injury was assessed
from ST-segment elevation in epicardial electrocardio-
grams (17). Although there may be theoretical objec-
tions that ST-segment shifts are not specific for
myocardial ischemia (38), ST elevations have generally
been correlated with other indices of ischemia, includ-
ing reduced local blood flow (39), decreased tissue Po2
(40), abnormal myocardial metabolism (41), and re-
duced myocardial creatine phosphokinase (17, 39).

In the present study, nitroglycerin and dipyridamole
both reduced ST-segment elevation when blood pres-
sure was supported with methoxamine. Similar
beneficial effects on ST-segment elevation have been
reported for nitroglycerin in experimental animals
with myocardial ischemia (42, 43) and patients with
acute myocardial infarction (44). Additionally, nitro-
glycerin has been shown to increase myocardial P02
during ischemia (19), improve function in ischemic
segments (25, 28), and reduce myocardial necrosis
in experimental infarction (45). However, adverse
effects on ST-segment elevation may be seen when
blood pressure falls excessively or reflex tachyeardia
occurs (45). Under these circumstances, collateral flow
to the ischemic region may fall in the face of in-
creasing myocardial oxygen demands.

At variance are the animal studies of Bleifeld et al.
in which nitroglycerin failed to improve epicardial
ST segments (46) and dipyridamole made them worse
(47), even with stabilization of blood pressure. In these
studies, coronary artery occlusion periods were shorter
than ours and collateral vessels may therefore have
been less functional. Also the dose of dipyridamole
used was much lower and collateral blood flow was
not measured.

Some of our ST-segment improvement may have
been related to decreased myocardial oxygen demands.
HRwas significantly reduced (direct effect of dipyri-
damole [11] and indirect effect of methoxamine),
although ventricular filling pressure was increased,
and aortic pressure was kept at base-line levels.
Changes in contractility were not measured but were
probably small (46, 47). Most of the ST-segment im-
provement was probably due instead to increased
collateral blood flow. Increased flow and decreased
ST elevation were consistent findings after nitro-
glycerin-methoxamine and dipyridamole-methox-
amine. When a decrease in heart rate was prevented
by atrial pacing, ST-segment improvement and in-
creased collateral flow were still seen. Multiple linear
regression analysis suggested that flow and HRwere
both important factors.
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