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Objective. This study compared quantitatively the efficacy of
ine and dij for logic in-

per g during ademne and 43 % 13 mlmin per g after

duction of myocardial hyperemia.

Bzu‘kgmund Pharmncologlt vasoullatwn is used increasingly
for i of h junction with radio-
nuclide imaging of myonniul blood Eow. Although boik inira-
venous dipyridamole and adenosige fave been used, the magni-
tude of hyperemia induced by these agents and the hyperemia to

Hyp ia to baseline flow vatios

4.3 % 1.6 for adenosine and 4.0 = 1.3 for dipyridamole.

The average flow ratios ard the maximal flows achieved were
similar for both agents, but there was ceasiderable variation in the
individual response to these agents, as indicated by the range of
hypetemia to baseline Sow ratios (from 2.0 (o 8.4 for adengsine

baseline blood flow ratios have not been quantified and 5
Methods. Twenty normal volunteers were studied with dy-
namic positron emissicn tomography (PET) and intravenous
nitroger-13 ammenia. Myocardial blood flow was quaniified with
& two-comipartment acer kinetic modei.
Results. Myocardin! blocd flow at rest averaged 1.1 =
0.2 ml/min per g and increased significantly to 4.4 £ 0.9 mi/min

andfromlSloSSfadmyﬂdmole) Inaddiﬁomtkehypemc
P to it and to differed by >1 mYmin
perginninesnbjects.

Conclusions. Despite these inter- and intraindividual differ-
ences, we conclude that both agents ave equally effective in
producing myocardial hyperemia,

{J Am Coll Cardiol 1992,20:979-85)

Evaluation of regional myocardial blood flow with radionu-
clide techniques plays an important role in the diagnosis and
management of coronary artery disease. The presence of a
segmental defect on stress images of myocardial blood flow
depends on a differential flow reserve between normal

y dium and my di tied by a critically

stenosed coronary artery. Maximal exercise usually serves
as the lus for my dial 1 In patients unable
to exercise, pharmacologic vasodllauon offers an altema-
tive. The agent most commonly used for this purpose is
intravenous dipyridamole.

Dipyridamole thallium-201 scintig-aphy has been shown
o have a sensmvuy and specificity comparable to those of
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for the d of coronary artery
disease and it provides important prognostic information in
patients with such disease (1). The mechanism of action of
dipyridamole is indirect and appears to be related to an
increased interstitial concentration of adenosine, a potent
coronary vasodilator. Dipyridamole mhﬂnts the cellular re-

uptake of ad and bolism by deami-
nase. Other modes of action of dlpynda.mme inciude inmnibi-
tion of phosphodi and an in i
synthesis {2,3).

Intravenous adenosine has recently become available as
an afternative agent for pharmacologic stress imaging. Aden-
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muscle relaxation and a decrease in slow inward calcium
current. Intravenous adenosine has a rapid anset of action
and a biologic half-life of <2 s (5). These properties make
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Table I. Hemodynamic Variables and Si‘¢ Effects During Pharmacologic Vasodilation in 20 Normal Men

Bascline Adenosine Dipyridamole Systemic Effects
Subject Age Hearl Rate  Blood Pressure  Heart Rate Blood Pressure  Heart Rate  Blood Pressure
No. (yn)  (heats/min) (mm Hg) (beats/min) (mm Hg) (beals/min) (mm Hg) Adenosine Dipyridamole
! 36 30 11572 115 116172 92 144/92 F. S0B
2 ki 56 111/67 9 128468 88 19468 F, N, SOB F,HA
3 39 68 nenz 104 137m2 84 13464 N, S0B, CL -
4 3% 64 211 m 137483 nz 13575 HA.N HA N
5 B 7 102/68 107 s 92 107/66 F, HA HA
6 bl () 112/63 92 11385 104 12167 — Diaphoresis
7 40 44 112/64 us 103/65 103 119/84 F, N, SOB. AP —
8 pxl 59 12/67 n 108/59 92 113764 F —
9 84 62 132062 69 139/57 n 13312 F.HA —
10 32 61 12874 95 148/96 87 145184 SOB, HA —
n 30 61 123 86 125164 91 141/64 F.HA, TP F, 806, 1P
2 2 st 101/56 87 100/55 90 120/58 N -
13 PA 62 97/62 95 81/46 1 99/56. F.HA —
14 29 60 124/64 106 124/80 08 13282 F,HA F,HA, N, EP
15 18 47 554 9% 123/59 97 122168 F.HA,N N, §, DT
16 i 8 120/81 107 d4/eD % 144175 F.80B HAN
17 a2 52 96163 0 104768 0 115/60 F,HA -
113 18 60 11960 % 113/59 106 136/52 F.N -
i9 64 ki 120175 1 108762 9 116/70 F, HA, SOB —
20 23 [ 130185 7 13180 88 124m F, TP, AP F, HA, SOB
Mean
+ SD 63 =11 115 £ 10/67 = 8 95 * i5* 121 £ 16/68 = 12 94 £ 12° 126 = 12/70 = 10

#p < 0.001 versus rest values. AP = amm pain; CL = cold leg; DT = dry throat; EP = eye pain; F = flushing: HA = headache; N = nausea; § = sweating:

SOB = shortness of breath; TP = throul pain.

intravenous adenosine an attractive agent for us¢ with myo-
cardial blood flow imaging.

Although both dipyridamole and adenosine have been
reported to be similarly effective in detecting coronary artery
diséase (6), no information exists as to whether the magni-
tude of hyperemia achieved with the two agents is compa-
rable. The purpose of this study was to quantify in normal
subjects the increase in myocardial blood flow in response to
intravenous adenosme and dlpyndamole by usmg dynamlc
positron emi graphy and i
(N-13) ammonia as a lracer of myocardial perfusion.

Methods

Study group. Twenty normal male volunteers with an
average age of 34.5 % 15.8 years (range i8 to 84) were
stndied (Table 1). After the rationale, investigative nature
and risks of the study were explained, each subject signed an
informed consent form approved by the Human Subject
Protection Committee at the University of California, Los
Angeles. Beverages containing caffeine were withheld for at
least 12 h before the study. None of the men had a history of
cardiovascular discase, and each had normal findings on
physical ination and a 12-lead gram (ECG)
at rest and normal exercise tolerance. In addition, men >35
years of ape underwent a symptom-limited submaximal
treadmill exercise stress test to rule out silent ischemia.

None developed chest pain or ECG evidence of myocardial
{ during the stress test. Tt all snb-
jects had <7% probability of silent coronary artery disease
by Bayesian analysis (7).
Study prolocul. All subjects were studied with dynamic
y and i N-13 ammo-
ma at rest, during mtravenous adenosine infusion and after
intravenous dipyridamole infusion. Intravenous adenosine
(Adencscan) was supplied by Medco Research, Inc. Intra-
venous dipyridamole (Persantine) was supplied by Boehr-
inger ingelheim.

Nitrogen-13 ammonia was produced at the University of
California, Los Angeles Medical Cyclotron as described
previously (8). Imaging was perforred with a whole body
posnlmn emission tomograph (mmlel 931/8, CT¥/Siemens

ics), which si ly acquires 15 transverse
sllces spaced €.75 mm apart and covers a 10.8-cm axial field
of view (9).

Appropriate positioning of the subject’s heart within the
actual field of view of the tomograph was first confirmed on
2 4-min rectilinear transmission scan. Twenty-minute trans-
axial transmission images were then acquired and used for
subsequent correction for photon attenuation. An intrave-
nous bolus of 12 mCi of N-13 ammonia was admlmstered
over 30 s while isition of serial
images for 23 min was started. Forty-five minntes later, after
physical decay of the N-13 activity to nearly undetectable




JACC Vol. 20, No. 4
October 1992:979-85

Anterior

" 4
Ed-

Interiar

Figure 1. ic dep of the of sectorial regions
of interest to the left ventricular myocardium on a reoriented.
myocardial short-axis image. RV = right ventricle.

levels, adenosine was administered intravenously at a rate of
140 pug/kg body weight per min fay 6 min. Three minutes after
the stort of adenosine infusion, N-13 awmmoniz was again
administered and a second set of serial transaxial images was
acquired. After another 45 min and after dissipation of the
phar ic effects of adenosine and physical decay of the
N-13 activity, dipyridamole was infused intravenously at a
rate of 0.56 mg/kg over 4 min. Four minutes after the end of
the infusion, a third dose of N-13 ia was d
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estimates and from correction factors io compensate for the
measured tissue activity concentrations for partial volume
effects. A small blood pool region of interest (area 5 to
79 mm?) comresponding to the lef: ventricular cavity was
defined menually on each serial image and the arterial input
function was generated.

Myocardial and bleod pool time-activity curves were
corrected for physical decay to the time of injection. Myo-
cardial blood flow was calculated for each myocardial sector
by using the ist 120 s of the corrected myccardial time-
activity curves and the asterial input function and a previ-
ously validated two-compartment tracer kinetic model
(8.11). A mean myocardial blood flow value was obtained for
each study by averaging the values of the six myocardial
sectors. The coefficient of variation for each study was
determined by dividing the standard deviations of the secto-
rial flow values by the average flow value.

Statistical analysis of ibe dais, Statistics were calenlated
wiih & comuizreizily « zilable personal computer software
progrem (Statview 512+, Abacus Concepts, Inc.). Values
are expressed as mean value = SD. Two-way analysis of
variance with repeated measures and the Scheffé F test were
used 10 determine statistically significant differences be-
tween groups. The Student ¢ test for paired data and the

with acquisition of serial transaxial images.

Subject movement within the tomograph was minimized
by wrapping a Velcro strap across the chest. Heart rate,
blood pressure and a 12-leadt ECG were monitored regularly
during the procedure. The d total body radiati
exposure resuiting from the cumulative dose of 36 mCi of
N-13 ammonia during the procedure was 0.036 md (10)

chi-sq test were used to compare values betweea two
groups. A probability value < 0.05 was considered signifi-
cant.

Images were acquired sefially to d i ly
the arterial tracer input function and the myocardlal nssue
response. The image acquisition sequences were 12 frames
of 10 s each, followed by 2 frames of 30 s each, § frames of
60 s each and 1 frame of 900 s.

Image analysis and calculation of myocardial blood flow,
The serially acquired transaxial images were transferred to a
M & II personal and reoriented into left
ventricular short-axis views using a computer software pro-
gram described previousty (11). A midventricular short-axis
image was used for quantitative analysis. The left ventricular
myocardium on thls short-axis cross section was outlined
with a semi pragram {11) and divided
into six sectors (Fig. 1), Myocardnal sectors ranged in area
from 119 to 173 mm?. The outline and sectorial regions of
interest were copied to all the serial images and average
tissue activity concentrations for each region in counts/mm?
were calculated.

Estimates of sectorial wa]l hil were obtained by

Results
Hi dy ic variables at
baseline, during i infusion and after
intr dipyridamole infusion are shown in Table 1. The

heart rate increased significantly during adenosine infusion
and was similar for the adenosine and dipyridamole studies.
Although systolic pressures initially decreased after dipyrid-
amole and adenosine infusions, they returned o comtrol
values at the time of tracer injection. Thus systolic and
diastolic blood pressures did not differ significantly between
the threc studies. No subject reported a major adverse
reaction (chest pain, heart block or acute asthmatic attack)
to either of the two drugs (Table 1). Minor adverse events
eccurred in 19 subjects during aderosine infusion but in only
9 subjects after dipyridamole infusion (chi-square = 11.92,
p < 0.001).

Homogeneity of myocardial blood flow at baseline and
during pharmacologic vasodilation. Myocardial bloed flow at
baseline was homogeneous throughout the left ventricular
myocardium and remained homogeneous during both -hy-
peremic studies in all subjects. None of the images revealed

a model-based and pr y i profile-fitting algo-
rithm that was applied to radial myocardial activity profiles
with the use of nonlinear regression algorithms (i2,13).
Regional recovery coefficients for each of the six sectorial
regions of inierest were then derived from the wall thickness

| defects of tracer uptake on visual mspec!mn at

or new hyps duced defects on the ad

or dipyridamole images (Fig. 2). The coefficients of variation

ox myocardial blood flow for each subject at rest and during
ine and after i dipyridamale

administration are listed in Table 2. There were no signifi-

Baceli
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cant differences between the mean coefficient of variation of
perfusion at rest (0.17 * 0.05) or during intravenous adeno-
sine (0.21 = 0.08) or after intravenous dipyridamele (0.19 =
0.09).

Myocardial blood flows at baseline and during pharmace-
logic vasodilation. Mean values of myocardial blood flow at
baseline and during intraveneus adenosine and i

ce
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Figure 2. Subject 9. Example of six
contiguous short-axis images of myo-
cardial N-13 ammonia uptake at base-
line (upper row), during adenosinc
infusion (middle row) and after dipyr-
idamole infusion (bottom row). The im-
ages were reorignted from the transax-
ial images recorded from 5 to 20 min
after tracer injection and are displayed
from the apex to the base of the left
ventricle. Note the homogeneons N-13
ammonia uptake at all three study con-
ditions.

9
09

baseline ranged from 0.6 lo 1.4 ml/mm per g (average 1.1 =
0.2). During int dial blood flow
ranged from 2.5 to 5.! 8 ml/mm perg (average 4.4 £ 0.9). With
intr dipyrid: y dial blood flow ranged
from 1.5t0 6.2 ml/mm per g (average 4.3 = 1.3). Thus mean

dial blood flow i d significantly with intrave-

dipyridamole administration are given for each subject in
Table 2 and illustrated in Figure 3. Myocardial blood flow at

nous ad (p < 0.0001) and with dipyridamole (p <
0.0001) but did not differ significantly between the adenosine
and the dipyridamole studies (p = NS).

Table 2. Myocardial Blood Flow at Baseline and During Pharmacologic Vasodilation

Myacardial Bload Flow (ml/min per g}

Caefficient of Variation

Subject
No. Baselinc Adenosine Dipyridamole Baseline Adenosine Dipyridamole
! 14201 35458 48+02 0.07 0.09 0.04
2 07£01 5511 18205 0.15 o 0.13
3 14+02 46x10 60210 017 0.2 0.17
4 LI £02 52*19 15204 022 037 0.26
s 14202 48209 50x15 017 0.20 030
6 09 =01 4506 AL x08 0.15 013 0.27
7 10+01 26x07 48+ 10 015 0.26 021
8 1302 15+ 06 41+ 06 0.1% 0.26 0.14
9 13203 30207 24207 04 0.23 0.30
10 09 +02 4113 2006 0.26 032 031
11 12203 44+ 15 5217 0.22 0.34 0.32
12 0.9 +0.1 47+ 0.6 ASE06 0.11 0.14 0.3
13 1203 3707 37204 0.24 0.18 012
14 0.8 £ 0.1 46+07 4705 0.13 0.14 on
15 0.7 +0.1 4008 42206 0.15 0.19 on
16 11202 58% 11 5108 0.18 0.18 0.16
7 L1200 54=08 56 % 0.7 0. 0.15 0.13
18 060  40=10 62z 18 0.17 0.29 0.30
9 12+02 45206 36%09 Q15 0.14 024
20 11202 3904 60x0.7 0.19 0.09 0.12
Mcan
= 8D L1+02 44 09 43+ 1.3* 0.7 = 0.07 0.21 + 0.08 0.19 + 0.09

*p < 0.000] versus bascline
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Figure 3. Individual values of average myocardial blood flow (MBF)
at baseline, during adenosine infusion and after dipyridamole infu-
sion, Note the individual variability in the response to ph
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considerable scatter about the regression line suggests the
importance of other factors.

Discussion

Standard doses and intravenous infusion rates of adeno-
sine (140 pg/kg per min) and dipyridamote (0.56 mg/kg over
4 min) increased myocardial blood flow significantly above
levels at rest. The increase was homogeneous throughout the
lefi ventricular myocardium, as evidenced by visual inspec-
tion of the contiguous transaxial images and the corstant
coefficient of variations. However, there were substantial
variations in the respoase to the iwo agents in individual
subjects. On average, both adenosine and dipyridamole
infusions achieved similar levels of myocardial hyperemia.

logic vasudilation, although the mean values for the group of 20
volunteers are similar for both hyperemic conditions.

Myocardial perfusion reserve, defined as the ratio of
hyperemic to baseline blood flow, ranged from 2.0 to 8.4
with adenosine and averaged 4.3 = 1.6; for dipyridamole, it
ranged from £.5 to 5.8 and averaged 4.0 > 1.3 {p = NS vs.
adenosine).

There were substantial variations in the individual re-
sponses to both agents. In four subjects, myocardial blood
flow during intravenous adenosine administration was more
than 1 mU/min per g higher than after intravenous dipyrida-
mole administration. Conversely, in five subjects, mean
myocardial bloed flows after intravenous dipyridamole were
>1 ml/min per g higher than during intravenous adenosine.
In the remaining subjects, blood flow differed by <1 mymin
per g between the adenosine and the dipyridamote studies.

The relation between the heart rate-systolic blood pres-
sure product and myacardial perfusion is shown in Figure 4.
There is an overall trend between higher rate-pressure
products and mean myocardial blood flows. However, the

Figure 4. Relation between mean myocardial blood flows (MBF)
and the rate-pressure product.

[
¥=0.000434 x- 118
T=0.685

MBF o
(mlimin/g)
© Control

o Adencsine
A Dipyridamale

q 5000 10000 15000 20000
Heart Rate-Systolic Pressure Product

Method L . Myocardial blood flow was
quantificd by high poral resolution poesitron emissi
tomography with intravencus N-13 ammonia and a tracer
kinetic model that has been validated in animal experiments
(11,14) and used in humans ¢8). Only the initial 120 s of image
data was used for model fitting because this procedure
minimizes contamination of the arterial input function by
N-13-labeled metabolites of N-13 ammonia. In humans,
N-13 ammonia metabolites have been reported to constitute
only 6% of the total N-13 blood activity at 2 min (15).
Quantification of myocardial blood flow further refied on
revriented short-axis cross sections of the left ventricular
myocardium, a factor that permitted accurate estimates of
regional myocardial wall thickness, which is important for
accurate correction for regional partial volume effects (11).
Such corrections are problematic on transaxial images be-
cause the anterobasal and inferior regions of the left ventric-
ular myocardium traverse the image planes in an oblique or
even tangential fashion. This pattem preciudes adequate
measurements of regional tracer activity concentrations as
well as appropriate corrections for partial volume effect in
these regions. Although the baseline and hypersmic esti-
mates of blood flow in this study ave comparable to those
obtained previously with N-13 ammonia from transaxial
tomographic images (16), these measurements were confined
largely to mid-veatricular image slices that traverse the
image plane in a more perpendicular fashion.

Randomization of the order in which the vasodilator
agents were admini d was not possible because the
longer half-life of intravenous dipyridamole (3) would have
interfered with the action of adenosine. Although the study
group included older subjects, care was waken to rule out the
presence of coronary artery disease. Its absence was con-
firmed by the homogeneous distribution of blood flow at rest
as well as during both hyperemic studies which, in view of
the previously reported high sensitivities and specificities of
positron emissi hy for the d ion of coronary
artery disease (17,18), argued against the presence of this
disease.

Comparison with invasive measurements. In this group of
healthy men, intravenous adenosine resuited in an average
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hyperemia to baseline blood flow ratio of 4.3 = 1.6, although
individual responses varied. For exampie, the flow ratio was
<1 SD below the mean value in 3 (15%) of the 20 subjects.
The results are similar to changes in coronary flow velocities
determined with mtercoronary Doppler catheters before and
after intr d jon (19}. Flow veloc-
ities in normal coronary arteries increased on average by
>400%. They increased maximally in 84% of the coronary
arteries. In comparison, intravenous dipyridamole in the
current study resulted in a hyperemia to taseline bload flow
ratio of 4.0 * 1.3, Individual responses varied, and flow
raiios ranged from 1.5 to 5.8 and were <l SD below the
mean in three (15%) of the volunteers. Studies with intra-
coronary Doppler catheters (6) revealed a range of coronary
flow responses to intravenous dipyridamole from 1.9 10 5.4
(mean 3.7 £ 1.2). A flaw reserve >3.0 was seen in only
66.7% of the subjects studied (6).

The variable response of myocardial blood flow to cither
intravenous adenosine or dipyridamole is therefore similar to
that observed with intracoronary Doppler probes The rela-
tively small number of subjects with sub
precludes elucidation of hemodynamic criteria that “would
distinguish between suboptimal and optimal flow responses.
Although intravenous infusion by both adenosine and dipyr-
idamole invariably affected the heart rate, the agents did
exert a pharmacologic effect. Further, the rate-pressure
preduct correlated significantly with myocardial blood flows.
Although we are not implying a direct relation between
hyperemic blood flows and heart rate or aortic pressure, the
correlation might reflect a primary response of the systemic
circulation to the vasodilator. Although this cerreiation
might serve as an index of the pharmacologic effect on the
coronary circulation, its value appears limited because of the
relatively large data scatter about the regression line., Fur-
ihermore, the mean hyperemia to baseline flow ratios were
similar for intr ine and for i dipyr-
idamole. Nevertheless, the responses to the two agents
differed considerably in some subjects.

Possible causes of variable flow responses. Several reasons
might account for the variations in fiow response. Intrave-
nous adenosine has been shown in animals and humans te be
a potent, direct-acting coronary vasodilator (4-6). In con-
trast, the effect of dipyridamole is indirect because it is
mediated in part through the inhibition of uptake and metab-
elism of adenosine (3). However, five of our subjects had
higher myocardial blood flows in response to dipyridamole
than to adenosine. The phar logic effects of adenosine in
these subjects are evidenced by the associated hemody-
namic changes as well as by the high incidence of minor
adverse reactions to adenosine. The differential effects of
intravenous adenosine and intravenous dipyridamole in
these subjects may be related to differences in metabolism of
the two compounds. Adenosine has a very shorl (<2.0 5)
half-life in vivo. Exogenous adenosine is primarily metabo-
lized through incorpoeration into the cellular adenine nucle-
atide pool, a process that takes place mainly at the vascular
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endothelium (5). Wilson et al. (19) demonstrated that a
fraction of adenosine was metabolized during its transit from
the peripheral venous infusion site to the myocardium. It is
possible that in some persons, exogenous adenosine is
rapidly metabolized by peripheral venous vascular endothe-
lium. Concentrations of adeaosine in the coronary circula-
tion might therefore be inadequate io produce maximal
coronary vasodilation. In contrast, dipyridamole is bound to
an acidic alpha,-glycoprotein in plasma and metabolized
mainly through conjugation to glucuronide in the liver (3).
An enterohepatic circulation of dipyridamole has been dem-
onstrated in humans. The multiple steps of dipyridamole
metabolism imply that after intravenons infusion, dipyrida-
mole plasma concentrations may vary widely among individ-
ual subjects It is conceivable that dipyridamole concentra-
tions in some persons may achleve levels that result in
supranormal el of ine. Either
one or both of these mechanisms may result in myacardial
blood flows that are hlgher wuh intravenous dipyridamole
than with int Additional factors might
be related to age (20). Although the age of our subjects
ranged from 18 10 84 years, the study group was too small to
reveal any significant age-related trend, even though the
oldest participant, 84 years of age, had a somewhat blunted
hyperemic response.

Conclusions. Our results suggest that intravenous adeno-
sine and intravenous dipyridamole are equally effective in

P

Y P

In contrast to previously reported findings with invasive
approaches such as intracoronary Dappler flow probes
(6,19,21), the current study demonstrates that rest and
hyperemic myocardial hlood flow can be quamlﬁed nonin-
vasively with posi graphy, N-13 i
and an appropriate tracer kinetic model. Substantial varia-
tions in individual responses to these two agents were noted
and suboptimal responses could not be accurately predicted
from the hemodynamic eifects of the agent. Novertholees,
the average itude of hyp ia and the proportion of
subjects with a maximal response induced by these iwo
agents were found to be similar.

We (hank Wendy Wilsan for preparing the illustrations and Eileen Rosenfeld
for skillful secretarial assistance in preparing the manuscript.
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