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AB S TRA C T Regional myocardial blood flow before
and after sublingual nitroglycerin was measured in 10
patients with coronary artery disease. During thora-
cotomy, "'Xe was injected directly into the subepi-
cardium in diseased regions of the anterior left ven-
tricular wall, and washout rates were recorded with a
scintillation counter. All disappearance curves were
closely approximated by two exponential decays ana-
lyzed as two parallel flow systems by the compartmental
method. The appearance of a double exponential decay
pattern in diseased regions suggests that the slow phase
was associated with collateral blood flow, although non-
homogeneous myocardium-to-blood partition coefficients
for xenon cannot be excluded. Nitroglycerin increased
the rapid phase flow in 9 of 10 patients and the slow flow
in 7 of 10 patients. Average flow increased in 9 of the 10
patients (P < 0.01). Mean rapid phase flow in the con-
trol state was 110 ml/100 g per min and after nitro-
glycerin increased to 132 ml/100 g per min (P < 0.01 );
slow phase flow increased from 12 ml/100 g per min to
15 ml/100 g per min (P < 0.05). It is concluded that,
under these conditions, nitroglycerin improves perfusion
in regions of diseased myocardium in patients with coro-
nary artery disease.

INTRODUCTION
The means by which nitroglycerin relieves anginal pain
in patients with coronary artery disease has not been
clear. Although nitroglycerin induces visible arterial
dilatation on the coronary angiogram (1), there have
been conflicting reports as to whether coronary blood
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flow increases (2) or is unaltered (3, 4). Because
changes in total coronary blood flow have not been con-
sistently demonstrable in man, it has been suggested
that the effectiveness of nitroglycerin in angina pectoris
is due either to generalized peripheral arterial and ve-
nous dilatation, which lowers arterial blood pressure and
reduces cardiac work and energy expenditure (2-4). or
to a favorable redistribution of myocardial blood flow
(5). It is characteristic of hearts involved with coro-
nary artery disease that blood flow is nonuniform with
patchy areas of poor perfusion. It is most likely that
anginal pain originates from those regions where circu-
lation is poor. Therefore, changes in flow in inade-
quately perfused zones are more relevant to the action of
nitroglycerin than are changes in total myocardial flow
or flow in major coronary arteries. Measurement of ef-
fects of nitroglycerin on local flow in diseased regions
can establish whether the efficacy of the drug in angina
is due to changes in myocardial perfusion or unrelated
changes in cardiac mechanics or metabolism.

Sullivan, Taylor, Elliott, and Gorlin (6) used direct
intramyocardial injection of an inert radioactive gas to
measure regional myocardial circulation in diseased hu-
man hearts. This communication reports on the use of
this technique to investigate the effect of sublingual
nitroglycerin on myocardial blood flow in poorly per-
fused regions.

METHODS

Nine men and one woman, ranging in age from 35 to 55 yr,
were studied during thoracotomy for bilateral internal mam-
mary artery implantations. The patients had been selected
for surgery because of intense and disabling anginal pain
which was not well controlled by medical therapy. All sub-
jects reported that nitroglycerin usually relieved their pain
within 3 min. Selective coronary angiography had been per-
formed before surgery by the Sones technique utilizing a
9 in.-6 in. General Electric image intensifier and recording
on Ilford Pan F 16mm film at 60 frames/sec. All patients
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had films of excellent radiographic quality. Each subject had
disease of all three major coronary artery systems: right,
left anterior descending, and left circumflex coronary ar-
teries and their branches. Lesions varied from minor nar-
rowing or irregularity of the lumen to total occlusion.
Prominent collateral vessels were present in most patients.

The procedure and its objectives were carefully explained
to each patient before surgery, and written consent was ob-
tained. In addition to investigation of effects of nitroglycerin,
the isotope inj ections were used to help locate the most
suitable sites for implantation of the internal mammary ar-
teries: regions with reduced but not absent flow (6).

Nine subjects were anesthetized with halothane, nitrous
oxide, and either anectine or curare; one was anesthetized
with nitrous oxide, morphine, and curare. A midline stern-
otomy was performed, both internal mammary artery pedi-
cles mobilized, and the pericardium opened before the study.
The patients were ventilated with 100%o oxygen during
surgery. Mean blood gases at the time of the study were
pH 7.54 +0.05 (SD), PAO2 193 ±36 mmHg, and PACo2 29 +5
mmHg.

The region studied was in the distribution of the left an-
terior descending coronary artery on the anterior wall of the
left ventricle. Regions with reduced but not absent flow were
sought (Fig. 1). A single injection site was used in each
patient.

The sites were graded by vascularity as interpreted from
preoperative coronary angiograms and appearance at surgery.
Grade I sites were normal in appearance and had a normal
vascular supply by angiography. Grade II sites had either
a potentially decreased vascular supply by angiography (at
least a 75%o stenosis in the left anterior descending artery)
and normal appearance, or a normal vascular supply but a
pale appearance. Grade III sites had both vascular impair-
ment by angiography and pale coloration. Grade IV sites had
extensive visible scarring together with a markedly im-
paired vascular supply, usually total occlusion of the left
anterior descending artery. There were two grade II, six
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FIGURE 1 Schematic to illustrate type of injection site used,
regions with reduced but not absent flow.

grade III, and two grade IV sites. No grade I sites were
studied. Only regions which appeared to be contracting nor-
mally were used; five patients had localized abnormalities of
left ventricular contraction, but these asynergic regions
were avoided.

Intramyocardial inj ections were made perpendicularly
through a 25 gauge needle with a flange adjusted so that
injections were made 3 mmbelow the epicardial surface. 0.1
ml (approximaately 0.15 mCi) of '"Xe dissolved in saline
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FIGURE 2 A tracing of a disappearance curve (patient E. K.). The curve is arbitrarily
divided into two parts for better visualization. Time constant was 0.1 sec. cpm = counts
per minute.
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TABLE I
Pulse Rate and Blood Pressure during

Washout Curves

Control Post-NTG
Time
after X Radial X Radial

Patient injection Pulse A. Pressure Pulse A. Pressure

sec beats! mmHg beats/ mmHg
min mill

E. K. 30 96 80 96 75
120 96 80 96 75

J. D. 30 80 75 108 80
120 85 75 100 75

J. B. 30 85 70 85 70
120 90 100 90 80

W. R. 30 84 90 88 85
120 80 90 88 85

C. M. 30 100 85 90 70
120 88 85 88 75

W. M. 30 52 70 78 80
120 54 70 78 80

G. K. 30 65 80 88 80
120 75 70 92 80

A. A. 30 98 85 96 90
120 98 85 88 85

F. L. 30 64 75 72 75
120 72 85 72 85

P. I. 30 75 90 70 110
120 75 90 70 110

X Radial
cannula.

A. Pressure = mean pressure from radial artery

was injected. After each injection the area was wiped off
with a sponge and then rinsed with saline to remove any
injectate extruded to the surface. A shielded scintillation
probe with a 1 in. sodium iodide crystal was positioned ap-
proximately 8 cm above the injection site. Counts were re-
corded with an analog, linear ratemeter (Picker Labmeter
I) set at a time constant of either 0.1 or 0.3 sec, connected
to a Picker 2990 rectilinear strip chart recorder. Counting
was continued until the activity had decreased to a steady
state near the zero base line-usually 3-5 min (Fig. 2).
Flows were calculated from the formula F = (k -X - w) IP in
which the clearance constant k = 0.6931/ (half-time in minutes)
X = the myocardium-to-blood partition coefficient for Xe
(0.7) (7), w = 100, since the weight of myocardium is not
known and by convention flow is expressed in terms of
100 g of tissue, and P = 1.05, the specific gravity of myo-
cardium (7, 8). As discussed in the results, the nature of
the disappearance curves made a compartmental analysis
appropriate (9).

After the control curve had been obtained, a 0.4 mg nitro-
glycerin (glyceryl trinitrate) tablet was rubbed against
the underside of the patient's tongue with a sponge until
it dissolved. Approximately 5 min later, the flow measure-
ment was repeated with injection as near as possible to the

same site as the control. The electrocardiogram and mean
radial artery pressure were monitored continuously during
all determinations.

In seven patients, an intravenous infusion of phenylephrine
was running during the study period to aid the anesthetist
in maintaining a stable blood pressure. Within 3 min after
nitroglycerin was administered, mean arterial pressure fell,
while pulse rate usually increased. In three of these pa-
tients the rate of infusion of phenylephrine was increased to
restore pressure toward its previous level; in the other four
patients receiving phenylephrine, the rate of infusion was
constant during both control and the administration of
nitroglycerin. In three subjects pressure had returned to
near or above the level of the control study spontaneously
by the time of the second injection. With or without phenyl-
ephrine infusion during the second flow state, three patients
had essentially the same pressures as during the control
period, three pressures above control, and four pressures
stable but below control values (Table I). Pulse rate was
essentially unchanged in four patients, slightly increased
in four patients, and slightly decreased in two patients
after nitroglycerin (Table I). Whether phenylephrine was
given was decided independently by the anesthetist and was
related not to the design of the study but to maintenance of
stable blood pressure throughout the operation.

RESULTS

Measurement of control curzcs. In all 10 patients the
disappearance curves were well described by resolution
into two exponential decays: an early rapid and a slow
terminal clearance. In all cases a double exponential
more accurately described the curves than a single ex-
ponential, while use of a third exponential term did not
improve the fit. The curves were analyzed by a com-
partmental analysis (9). On a semilogarithmic plot, a
straight line was drawn through the terminal monoex-
ponential portion of the curve and extrapolated to zero
time. The points on the extrapolated line were sub-
tracted from the original curve to produce a new curve
(Fig. 3). Two parallel flow compartments were thus
defined. The mean flow in the rapid compartment was
98 ml/100 g per min, ranging from 10 ml/100 g rer min
in a heavily scarred region to 185 ml/100 g per min in
a less diseased region. Mean flow in the slow compart-
ment was 12 ml/100 g per min, ranging from 3 ml/100
g per min to 26 ml/100 g per min (Tables II and III).

Average flow was calculated by dividing the contri-
bution of each flow component according to the counts
per minute at the zero time intercepts ( 1, 16). The
count level at the zero time intercept of the slow flow
component divided by the total number of counts at zero
time is the fraction of the injected tissue mass perfused
at the slow flow rate (F.). Therefore, (1 - F) is the
fraction of the injected tissue mass perfused at the fast
flow rate. To calculate average flow:

Average flow = * Slow flow
(ml/100 g per min) (ml/100 g per min)

+ ( 1- F.) - Fast flow.
(ml/100 g per min)
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FIGURE 3 Semilogarithmic plots of control and nitroglycerin disappearance curves in patient
J. D. A line is drawn through the terminal monoexponential portion of the curve to extrapolate
this phase to zero time. The extrapolated points were subtracted from the original curve to
produce a new curve, shown by the open circles, which is the fast flow component.

in

In the control curve in Fig. 3, total activity at zero

time was approximately 15 X 104 cpm, and activity at
the zero intercept of the terminal monoexponential de-
cay was approximaately 10.5 X 104. Therefore, F. =

0.7 and (1 - F.) = 0.3. Slow flow is 19 ml/100 g per

min, and fast flow is 88 ml/100 g per min so that:

Average flow = 0.7 - 19 + 0.3 * 88 = 40 ml/100 g per min.

Average flows in the control state ranged from 5 ml/
100 g per min to 113 ml/100 g per min.

Effects of nitroglycerin. The postnitroglycerin curves

also were best described by two exponential decay rates.
In 9 of the 10 subjects, the fast flow increased after
nitroglycerin. The mean increase was 19 ml/100 g per

min, or 19%, and the change was statistically significant
with P < 0.01 by the paired comparisons methods (Ta-
ble II). The rapid flow component decreased by 5% in
one patient (J. B.). Blood pressure showed a divergent
response at 120 sec between control and drug ob-
servations.

The slow flow component increased after nitroglycerin
in seven patients; in two there was a decrease and in
one no change. The mean increase of 3 ml/100 g per min,
or 25%, was significant (P <0.05). Average flow in-
creased in 9 of the 10 patients. The mean increase of
10 ml/100 g per min or 20% was also significant (P <
0.01). The per cent of the injected tissue mass perfused
at each flow rate was the same for both control and
nitroglycerin curves in each of seven subjects; F. in-

creased in one subject and decreased in two subjects
after nitroglycerin. Fig. 4 shows semilogarithmic plots
of four studies demonstrating several variations in the
curves obtained.

TABLE I I
Regional Myocardial Blood Flow before

and after Nitroglycerin

Fast flow Slow flow Average flow

Patient CON NTG CON NTG CON NTG

ml/100 g ml/100 g ml/100 g
per min per min per min

E. K. 107 145 17 18 80 107
J. D. 88 135 19 30 40 62
J. B. 135 128 26 21 113 90
W. R. 185 210 13 20 82 96
C.M. 149 160 8 12 50 71
W. M. 87 92 8 13 44 49
G. K. 70 92 13 13 36 45
A. A. 73 105 6 5 23 30
F. L. 10 19 3 5 5 9
P. I. 77 88 4 10 33 49

Mean 98 117 12 15 51 61
SD 49 51 7 8 32 31
P <0.01 <0.05 <0.01

CON= control; NTG= nitroglycerin state. P is probability
value obtained by paired comparison of per cent changes.

Nitroglycerin and Regional Myocardial Blood Flow
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TABLE I II
Mean Control Flows and Injection Sites

No. of
Sites patients Fast flow Slow flow Average flow

ml/100 g ml/100 g ml/100 g
per min per min per min

Grade II 2 103 20 75
Grade III 6 98 12 53
Grade IV 2 44 4 19

DISCUSSION

In 1949 Kety asserted that a diffusible indicator in-
jected into a tissue will be cleared at a rate determined
by the local blood flow (8). Subsequently, direct intra-
myocardial injection of inert radioactive tracers has

CONTROL
E. K.

la x 104

CPM

3 x 104 - 171/og/min

107ml/100g/mkn

W. M.
18 X 104 .

CPM 8ml/100g/Wn

87ml/100q/mln

CPM

3 X 104

4ml/IOO"/mn

been utilized for measurement of effective regional myo-
cardial blood flow in dogs (10-13) and man (6, 14).
Each disappearance curve approximates one or more ex-
ponential decays, and a clearance constant can be cal-
culated for each decay. If the myocardium-to-blood par-
tition coefficient of the tracer is known, flow per mass
of myocardium (milliliter per minute per 100 gram)
can be calculated.

It is assumed that the rate of diffusion of tracer into
the blood flow is not a limiting factor. The initial re-
gional blood flow studies were done with radioactive so-
dium, which is insoluble in lipids and is less diffusible
than lipid-soluble substances such as krypton or xenon.
Both `33Xe and 8'Kr are chemically and physiologically
inert, highly diffusible through cell membranes, rapidly
excreted via the lungs, safe from the standpoint of

NITROGLYCERIN
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FIGURE 4 Composite of semilogarithmic plots of control and nitroglycerin
disappearance curves in four patients. Patient E. K. had a large increase in
the fast flow component and only a slight increase in the slow flow com-
ponent. In W. M. the most striking increase was in the slow flow, whereas
P. I. increased both components substantially. J. B. was the only patient in
whom both fast and slow components decreased.
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radiation hazard, and capable of emitting adequate radi-
ation for external counting. AXe has several advantages
over 'Kr: AXe is more soluble in blood and myo-
cardium, and diffusion is more rapid, its higher gamma
incidence allows greater counting precision, and its
shorter half-life makes the danger of radiation exposure
negligible (15). Paired samples of washout curves ob-
tained with intramyocardial `3Xe or 'Kr injections have
been shown in previous studies to vary by 15% in normal
dogs and 10% in human hearts with diseased coronary
arteries (6, 13). Paired controls in two patients in this
study varied by 5 and 10%. The average increase in flow
induced by nitroglycerin not only was significant but
exceeded these reported ranges of paired sample
variation.

All the washout curves in this study could be resolved
into a rapid and a slow washout rate. It is unlikely that
the slow washout was artifactual. Over 95% of the indi-
cator is removed in a single circulation through the
lungs, and less than 1% could have recirculated to the
heart. The hyperventilation assured rapid excretion from
the lungs, and counts directly over the lung fields were
negligible. Background in the room did not change dur-
ing the procedure. The relatively short probe-to-injec-
tion-site distance assured a minimum of interference
from extraneous isotope in the lungs or elsewhere, and
the relatively high count level and short time constant
militated against inaccuracy.

Since the curves were resolvable into two exponential
decays, it would appear that two parallel perfusion sys-
tems, each with its own flow rate, were present.
Johanssen, Linder, and Torsten (16) have reported
that, in dogs, the washout from an intracoronary in-
jection of 'Kr was monoexponential, but when the artery
was occluded immediately after the injection, the curve
followed a double exponential decay pattern. The rates
of the rapid and slow components were similar to those
noted in this study. It is possible, therefore, that the slow
component, both in dogs with an occluded coronary ar-
tery and in patients with significant obstructive coronary
disease, is associated with collateral flow to the region
studied. However, since some patients in whom the left
anterior descending artery was totally occluded, ex-
hibited both fast and slow flow rates, it is likely that
collateral flow can at least in some cases approach
normal resting perfusion rate for unit volume of muscle.

The effect of nitroglycerin on collateral blood flow
has been studied in dogs. Kattus and Gregg (17) found
that retrograde flow in normal dogs with an acute
coronary artery ligation was small and not augmented
by nitroglycerin. However, Fam and McGregor (5) re-
ported increased retrograde flow in dogs with an oc-
cluded coronary artery when nitroglycerin was adminis-
tered while perfusion pressure was held constant. In the
current study of patients with coronary artery disease,

both the fast and slow flow component, either or both of
which may be due to collateral flow increased after
nitroglycerin independently of arterial pressure.

Alternative explanations for the double exponential
pattern are plausible. Heterogeneity of clearance con-
stants may reflect heterogeneity of partition coefficients
rather than differences in flow. If in the region of the
injection there are two populations of cells and one,
perhaps because of a higher lipid content, has greater
affinity for xenon than the other, it would have a slower
clearance even if flow to both populations were equal.
The xenon myocardium-to-blood partition coefficient
for xenon in atherosclerotic human hearts is unknown,
and the figure of 0.7 used in calculations for this study
is extrapolated from results in normal canine myo-
cardium. It is quite possible that heavily damaged re-
gions in atherosclerotic hearts have a different partition
coefficient than normal myocardium; differences in
clearance in different regions of such hearts may be
partially or wholly due to heterogeneity of partition
coefficients. If such heterogeneity is present, there still
would be no effect on the validity of the response to
nitroglycerin, since such physical constants would not
change between control and drug measurements. The
fact that large changes in flow can occur in one com-
partment and not in another (Fig. 4) suggests that
changes in flow, rather than changes in partition co-
efficient, account for the changes in clearance.

Because the subjects were undergoing major surgery,
several variables were of necessity poorly controlled,
and the extent of the study therefore was limited. The
occasional infusion of phenylephrine, blood, or other
fluids may have influenced hemodynamics. Anesthetic
agents, hyperoxia, hypocapnia, and alkalosis may have
had effects on coronary blood flow, although these fac-
tors applied to both control and drug observations.
Hyperoxia decreases coronary blood flow in dogs (18),
while hypocapnia (19) and phenylephrine (20) do not
have consistent effects. Whether any of these variables
alters flow in poorly perfused regions of human myo-
cardium is unknown. The short period of time available
for each study permitted only a single control and a
single nitroglycerin measurement. Despite the uncon-
trolled variables and the limited number of curves, the
results of nitroglycerin administration were quite con-
sistent from patient to patient.

Regional blood flow increased in 9 of the 10 subjects
after nitroglycerin. Therefore, this study demonstrates
that nitroglycerin improves blood flow to regions of
poorly perfused myocardium in patients with coronary
artery disease. Presumably, angina originates in such
regions because flow is insufficient under increased de-
mand either to provide adequate oxygen and nutrients
to the cells or to remove pain-producing metabolites. The
ability of nitroglycerin to augment myocardial blood
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flow in these regions supports the view that its efficacy
in relieving anginal pain is at least partially due to this
effect, independent of the drug's ability to reduce myo-
cardial effort and oxygen consumption.

Previous studies with nitroglycerin have usually failed
to demonstrate increases in total coronary blood flow
or flow in major arteries (3, 4). However, this study
indicates that whether or not total coronary blood flow
changes, nitroglycerin induces a significant increase in
flow to diseased regions. Redistribution of coronary
blood flow, whereby a greater portion of the total is de-
livered to diseased regions, may represent one of the
important salutary effects which nitroglycerin confers
upon the patient with coronary artery disease and angina
pectoris.

Kirk and Honig have shown that subepicardial flow
exceeds subendocardial flow in canine hearts (12). In
the human hearts of this study, it is concluded that sub-
epicardial flow in regions where the blood supply
is compromised by coronary artery disease is increased
by nitroglycerin. No information is provided about total
myocardial blood flow, nor were measurements per-
formed in normal regions or in deeper layers of the myo-
cardium where greater intramural pressure differences
may alter flow responses. To clarify the mechanism of
action of nitroglycerin in angina, measurements of flow
in poorly perfused regions are far more valuable than
estimation of total coronary blood flow, since flow
changes in normally perfused regions probably do not
contribute to the relief of myocardial ischemia and pain.
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