
at rest as well as its response to the vasodilator dipyridam
ole (5). For example, caffeine is known to increase heart
rate and blood pressure at rest (6). Tolerance to caffeine
might develop and thus blunt its hemodynamic effects (7).
In addition to a modest effect on myocardial contractility,
caffeine might directly increase the coronary vasomotor
tone by blocking coronary adenosine A2 receptors (8) or,
indirectly, by stimulating local and/or systemic catechol
amine release causing an a2 receptor-mediated coronary
vasoconstriction (9,10). These increases in coronary vaso
motor tone might affect both myocardial blood flow at rest,
by blocking the effects of endogenously produced adeno
sine, and during pharmacologic stress, by blocking the ef
fects of a dipyridamole induced increase in circulating
adenosine (11,12). Thus, caffeine intake prior to pharma
cologic stress testing is likely to substantially lower the
hyperemic response, which, in turn, would reduce the sen
sitivity of dipyridamole stress testing for detecting CAD
(1â€”4).

The effect of caffeine or theophylline on myocardial
blood flow and/or the coronary vasodilator capacity during
dipyridamole-induced hyperemia can now be quantified
noninvasively with intravenous â€˜3N-ammonia,PET and an
appropriate tracer compartment model (13). Therefore,
the aims of this study were: (a) to quantify the effect of
caffeine intake on resting coronary vasomotor tone, hypere
mic blood flow and on myocardial flow reserve and (b) to
examine a possible dose-response relationship between caf
feine intake or caffeine blood concentrations, resting blood
flow and the hyperemic response to dipyridamole.

METhODS

Subjects
The study population consisted of 12 healthy volunteers (5

women, 7 men; mean age 27 Â±6 yr) with no history of cardiac or
pulmonary disease, diabetes mellitus, hypertension, elevated cho
lesterol levels or cigarette smoking. All had a normal EKG at rest
and during intravenous dipyridamole infusion. None of the volun
teers was on any medication prior to or at the time of the myo
cardial flow measurements. Thus, all participants were at low risk
for CAD (14). All volunteers gave informed consent as approved
bytheUCLAHumanSubjectProtectionCommittee.
Study Protocol

Myocardial blood flow at rest and during dipyridamole-induced
hyperemia (0.56 mg dipyridamole/kg body weight intravenous) was

Stress testing with intravenousinjection of dipyridamole is fre
quently used for noninvasivedetection of coronary artery dis
ease (CAD)with PET or SPECT. Dietary intake of caffeinated
food, beverages or medication might alter both resting and
dipyndamole-induced hyperemic blood flow, thereby compro
mising the diagnostic sensitivityof dipyridamole stress testing.
Methods: To quantifythe effecton myocardialblood flow at rest
and during intravenousinjectionof dipyndamole,12 healthy
volunteers (mean age 27 Â±6 yr) with low risk for CAD were
studied with dynamic PETand a tracer kinetic model for 13N-
ammoniaafter24 hr of caffeineabstinenceand aftercaffeine
intake. Results: Caffeine tended to increase the rate pressure
productfrom6873Â±1494to7566Â±1102(p= 0.051),whereas
restingmyocardialblood flow remainedunchanged(0.61Â±0.13
versus0.58 Â±0.07mVg/min,p = ns).The heartrateresponseto
dipyndamolewas inverselyrelatedto serum caffeine levels.Fly
peremic blood flow (2.01Â±0.46versus 1.31 Â±0.0.38mVg/min;
p < 0.001)andflow reserve(3.4Â±0.8versus2.3 Â±0.7;p <
0.001) were inversely related to the caffeine dose. Coronary
vascularresistanceat resttendedto increase(132Â±32versus
147 Â±25 mmHg/mVg/min;p = 0.06),whereasminimalcoronary
vascular resistancewas significantlyhigherafter caffeine (41 Â±
9 to 69 Â±25mmHg/mVg/min;p < 0.01).Conclusion:Caffeine
intake alters the coronary vasomotor tone at rest, which might
lowerthethresholdfor ischemiceventsin patientswithCAD.It
reduces hyperemic blood flow and flow reserveand the dipyn
damole-inducedincreasein heart rate in a dose-dependent
fashion. These findings emphasize the importance of CarefUlly
screening patients for intake of caffeinated food, beverages or
medication prior to dipyndamole stress testing.

Key Words: positron emission tomography; myocardial blood
flow;caffeine;dipyridamole

J NucI Med 1995;36@16-2O21

harmacologic stress with dipyridamole is frequently used
for the noninvasive detection of coronary artery disease
(CAD) with radionuclide imaging (1â€”4).Intake of theo
phylline or its derivatives contained in food, beverages or
medications, however, might modify myocardial blood flow

ReceivedJan.9, 1995;revisionacceptedMay15,1995.
Forcorrespondenceorreprintscontact:JohannesCzemin,MD,Departmentof

MolecularandMOd@alPharmacdogy,UCLASchociof Medicine,LosAngales,
California90095-1735.

2016 TheJournalofNuclearMedicineâ€¢Vol.36â€¢No.11â€¢November1995

Effect of Caffeine on Myocardial Blood Flow at
Rest and During Pharmacological Vasodilation
Morten BÃ¶ttcher, Johannes Czernin, Karl T. Sun, Michael E. Phelps and Heinrich R. Schelbert

Division ofNuclear Medicine, Department ofMolecular and Medical Pharmacology, UCLA School ofMedicine, Los Angeles,
California;and Laborato,yof StructuralBiologyand MolecularMedicine, Universityof California,Los Angeles,California



SystolicBP(mmHg)Diastolic BP(mmHg)Heartrate(bpm)DIP+DIP+DIP+Subject

no. Baseline CoffeeDIPCoffeeBaselineCoffeeDIPCoffeeBaselineCoffeeDIPCoffee1

122 13512914068907085616395712
95 11010210558755970515577773

111 125114136556453626672100984
131 13813314167676267596090855
107 12412313354606258606087706
107 10311710960676568656988837
105 10310911562646661505884778
115 11511511062676461757997839
112 122129113606454524550836410
115 128108133555743505664857211
106 1211211225265616394621187712
115 1281201117358646556598577MeanÂ±s.d.

112Â±9 121* Â±11 118Â±9122Â±1361 Â±661 Â±660Â±764Â± 962Â±1363Â±8 91Â±1178*Â±9*p

< 0.05versusbaseline.BP
= bloodpressure;DIP= dipyndamole.

TABLE I
Hemodynamk@Findings

quantified in all study participants at baseline (baseline study) and
after caffeine consumption (caffeine study). The time interval
between the two study sessions averaged 7 Â±2 days. One of the
two paired rest/hyperemic blood flow studies was performed after
the participants refrained from caffeine intake for at least 24 hr.
The other paired study was performed 1â€”4hr after intake of one
or two cups of coffee. One of the investigators scheduled caffeine
studies randomly, while another investigator analyzed the myocar
dial blood flow studies without knowledge of the particular type of
study performed.

Throughout each flow measurement, the EKG was monitored
continuously and heart rate and arterial blood pressure (cuff
measurements) were measured at 1-mm intervals.

Venous blood samples to determine serum caffeine levels were
drawn at the beginning of each of the four dynamic blood flow
studies and were analyzed using a standard HPLC method (15).

Myocardial Blood Flow Measurements
Myocardial blood flow was quantified at rest and during dipyr

idamole-induced hyperemia (0.56 mg/kg) with intravenous â€˜3N-
ammonia, dynamic PET and a two-compartment tracer kinetic
model as previously described (13,16,17). Briefly, after intrave
nous injection of â€˜3N-ammonia(10 mCiâ€”iSmCi), serial transaxial
images were acquired with a whole-body positron emission tomo
graph (Model 931/8, CTI-Siemens, Knoxville, TN). For the hy
peremic blood flow study, 0.56 mg/kg of dipyridamole was infused
intravenously over 4 mm. Four minutes after the end of the
dipyridamole infusion, 13N-ammonia (10 mCiâ€”iSmCi) was in
jected intravenously and acquisition of serial images started. The
transaxial image sets were reoriented into six short-axis images of
the left ventricle, assembled into polar maps of myocardial blood
flow and compared to a reference database of normal (18).

Three 90Â°circumferential regions of interest (ROIs) were
placed in the territories of the three major coronary arteries, and
a fourth ROl was assigned to the center of the left ventricular
blood pool. The ROIs were copied to the first 2 min of serially
acquired images to derive time-activity curves for the left ventric
ular myocardium and arterial blood (17). The myocardial time
activity curves were corrected for partial volume effects by assum

ing a uniform left ventricularwall thicknessof 1 cm (19â€”21).
Because regional time-activity data did not differ (17), they were
averaged and one value of myocardial blood flow was obtained for
each participant.

The decay-corrected myocardial and blood-pool time-activity
data were then fitted with a previously validated, two-compart
ment model for â€˜3N-ammoniaand quantitative estimates of myo
cardial blood flow were obtained (13,22).

S@cal Ana@
Mean values are given with their standard deviations. For corn

parison of blood flow, coronary resistance and hemodynamics
between the different study conditions, the Student's paired t-test
was used. Correlations were sought using least square regression
analysis. Probability values less than 0.05 were considered statisti
cally significant.

RESULTS

Hemodynamic Findings
The hemodynamic findings are summarized in Table 1.

At rest, caffeine intake tended to increase the rate pressure
product from 6873 Â±1494 to 7566 Â±1102 (p = 0.051)
mainly because of a statistically significant increase in sys
tolic blood pressure (from 112 Â±9 to 121 Â±11 mmHg; p <
0.01), whereas heart rate remained unchanged.

During the baseline study, dipyridamole increased the
rate pressure product by 59% Â±21% to 10763 Â±1670.
During the caffeine study, dipyridamole induced an in
crease in the rate pressure product by only 26% Â±15% to
9536 Â±1648 (p < 0.05 versus baseline dipyridamole). The
blunted heart rate response to dipyridamole during caffeine
primarily accounted for this attenuated increase. The dipyr
idamole-induced increase in heart rate was inversely re
lated to serum caffeine levels (y = â€”0.03x+ 1.37; r = 0.68;
p < 0.05; Fig. 1).

EffectofCaffeineonMBFandFlowReserveâ€¢BÃ¤ttcheratal. 2017



RestMBF(mVglmin)MBF/RPP(x 10@)Hyperemic MBF(mVgfmin)Row reserveCaffeine

(@g/1iter)Subjectno. BaselineCoffeeBaselineCoffeeBaselineCoffeeBaselineCoffee

caffeine than at baseline (7.77 Â±1.06 versus 9.05 Â±1.40; p <
0.001). Also, myocardial blood flow was correlated signifi
cantly to the rate pressure product at baseline (y = 0.000lx +
0.15; r = 0.77;p < 0.01;Fig. 3A) but no longer after caffeine
intake (y = 0.00026x + 0.37; r = 0.43; p = ns; Fig. 3B).

Caffeine therefore altered the relationship between car
diac work and blood flow. In fact, it reduced blood flow
relative to cardiac work as implied by the lower ratio of flow
to the rate pressure product. During caffeine, dipyridam
ole-induced increases in myocardial blood flow were 37%
Â±51% lower than at baseline (2.01 Â±0.46 to 1.31 Â±0.38
ml/g/min; p < 0.01; Fig. 2B). Moreover, hyperemic flows
were correlated inversely with serum caffeine concentra
tions (y = â€”0.12x+ 1.78; r = 0.79; p < 0.01; Fig. 4A).

The reduction in hyperemic blood flow after caffeine
resulted in a 36% decline of the myocardial flow reserve
defined as the ratio of hyperemic to resting myocardial
blood flow (3.4 Â±0.8 versus 2.3 Â±0.7; p < 0.001; Fig. 2C).
Furthermore, myocardial flow reserve was correlated in
versely to the serum caffeine concentration (y = â€”0.23x+
3.15; r = 0.74; p < 0.01; Fig. 4B).

Coronary Vascular Resistance Index
An index of coronary vascular resistance was derived

from the ratio of mean arterial blood pressure to myocar
dial blood flow. At rest, this index tended to be higher after
caffeine than at baseline (147 Â±25 versus 132 Â±32 mmHg/
mug/mm; p = 0.06). In contrast, the minimal coronary
vascular resistance after dipyridamole was higher after caf
feine intake than under baseline conditions (69 Â±25 versus
41 Â±9 mmHg/ml/g/min; p < 0.01).

DISCUSSION

The results of this study indicate that caffeine alters
coronary vasomotor tone at rest and causes dose-depen

-@ 40

a)

a:
t

@2: 2 z@

Serum Caffeine (jtg/I)

S

S

S

S

FiGURE 1. Dipyridamole-inducedincreasesinheartrate(%)and
serumcaffeinelevels(@Lg/Iiter)wereinverselyrelatedbyy = -0.03x
+ 1.37;r = 0.68;p < 0.05.

Senim Caff@ne Levels
For the caffeine studies, the serum caffeine concentra

tions ranged from 0 to 8 @gfliter,suggesting that one of the
participants consumed decaffeinated coffee. No caffeine
was detected in the serum at the time of the baseline study.
No significant relationship between time of caffeine intake
or number of cups and serum caffeine levels was observed.

Myocardial Blood Flow and Flow Reserve
The individual measurements of blood flow and flow re

serve are listed in Table 2. At rest, caffeine remained without
significant effect on myocardial blood flow (0.61 Â±0.13 versus
0.58 Â±0.07 mug/mm; p = ns; Fig. 2A). Yet, as mentioned
above, caffeine did alter hemodynamic parameters. Further,
myocardial blood flow normalized to the rate pressure prod
uct X (10@)as an index of cardiac work was lower after

TABLE 2
Myocardial Blood Row and Row Reserve

10.640.578.646.662.370.853.681.507.0020.450.509228.261
.891.034.232.074.0030.690.659.427.223.021

.964.383.020.0040.580.577.466.921
.641.942.843.382.0050.660.6610.288.871
.460.722.211.088.0060.630.599.068.352.101.423.332.395.0070.550.5910.489.931.671.293.032.171.0080.680.627.886.821.911.162.811.874.0090.610.5312.108.692.381.303.902.452.00100.520.658.077.891

.471 .202.831.866.001
10.930.599.337.862.361.292.542.194.00120.430.436.685.691

.891 .544.403.583.00
Mean Â±s.d. 0.61 Â±0.13 0.58 Â±0.07 9.05 Â±1.477.7r Â±1.16 2.01 Â±0.46 1.31*Â±0.38 3.35 Â±0.75 2.30* Â±0.75 3.83 Â±2.41

*p < 0.01.
MBF= myocardialbloodflow MBF/RPP= myocardialbloodflownOrmalizedto theratepressureproductCaffsine= serumcaffeinelevels.
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dent attenuation of the dipyridamole-induced hyperemic
response.

EffectofCaffeineonDipyridamole-lnducedHyperemia
Dipyridamole and adenosine induce an increase in heart

rate, presumably by stimulation of carotid body chemore
ceptors (6) and vagal withdrawal in response to a fall in
blood pressure as a consequence of its systemicvasodilatory
effect (23). Accordingly, Smits et al. observed a blunted
heart rate response to dipyridamole which depended on
serum caffeine levels, suggesting that caffeine attenuates

the adenosine-mediated stimulation of carotid body che
moreceptors (6). This finding is consistent with the inverse
relationship between serum caffeine levels and the heart
rate response in the current study.

Dipyridamole increases the level of circulating adenosine
by inhibiting phospodiesterase, activating adenylate cyclase
and by preventing its cellular re-uptake (11,12). The in
crease in circulating adenosine induces near maximal cor
onary vasodilation through coronary A2 receptors. Methyl
xanthines, like caffeine, are competitive adenosine
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FiGURE 3. Relationshipbetweenresting
myocardlel bood flow and rate pressure
productunder(A)baselineconditionsand (B)
during caffeineintake.The relationshipwas
only signiticantat baseline(y = 0.000lx +
0.15;s.e.e.:0.12;r = 0.77;p < 0.01)butnot
duringcaffeineingestion@y= 0.00026x+
0.37;s.e.e.:0.13;r = 0.43;p = ns).

FiGURE 4.@ Hyperen* bloodflowand
(B)flow reservewere inverselyrelatedto se
rum caffeinelevelsby y = â€”0.12x+ 1.78;
r = 0.79;p < 0.01and y = â€”023x+ 3.15;
r = 0.74;p < 0.01.
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antagonists and offset, in part, dipyridamole- and adeno
sine-induced coronary vasodilation (24,25). Caffeine-in
duced adrenal catecholamine release might contribute fur
ther to an increase in coronary vasomotor tone via a2
receptor-mediated coronary vasoconstriction (26). Thus,
the antagonistic effects of methyixanthine on coronary A2
receptors and, to a smaller degree, the increase in adrenal
catecholamine release with subsequent cr2-mediated vaso
constriction might contribute to the observed reduction in
hyperemic blood flow.

The inhibitory effect of caffeine on adenosine-induced
hyperemia has been quantified only in the peripheral vas
cular bed but not in the human coronary system. Smits et al.
studied the effect of caffeine on adenosine-induced fore
arm vasodilation and found a reduction of the flow reserve
from 3.3 to 1.5 (27). These results are consistent with the
current findings of a caffeine-induced reduction in dipyri
damole-induced hyperemic myocardial blood flow and flow
reserve by as much as 70%. The antagonistic effect of
caffeine at the A2 receptor level suggests that methylxan
thines are likely to attenuate coronary vasodilation induced
by intravenous adenosine in a similar fashion.

A previous study demonstrated good reproducibilityof
hyperemic blood flow as measured quantitatively with 13N-
ammonia PET with an interstudy variability of less than
15% (28). Thus, method-related inaccuracies or a variable
physiologic response to pharmacologic vasodilation do not
explain the significant reduction in hyperemic blood flow
following caffeine intake.

The reduction in hyperemic blood flow accounts for the
reduced sensitivity of dipyridamole stress testing for detect
ing CAD and the low reproducibility of dipyridamole-in
duced blood flow defects following caffeine intake (29).
The effect of caffeine intake on myocardial perfusion im
aging, however, has not been evaluated systematically. A
recent experimental animal study demonstrated that extrac
tion of 201'fland @Tc-sestamibiwas attenuated at high
flow rates but relatively enhanced in hypoperfused myocar
dium, thereby reducing the activity ratio between normal
and ischemic myocardium. Such reduction might lead to an
underestimation of true defect extent and severity by rela
tive perfusion imaging with any extractable flow tracer (30).
Consequently, the caffeine-induced reduction in hyperemic
blood flow would be expected to limit further the accuracy
of relative myocardial perfusion imaging. It should be
noted, however, that 8 of the 12 participants in the current
study had a flow reserve in excess of 2 despite caffeine
intake. Thus, the diagnostic accuracy of pharmacologic
stress testing might not be altered in the majority of pa
tients.

Effect of Caffeine on CardiaC Work and MyOcardIaI
Blood Flow at Rest

Less anticipated though intriguing were the observed
effects of caffeine on myocardial blood flow at rest. As
noted in this study and as reported previously, caffeine has
been found to increase systolic blood pressure and thus,

cardiac work (5,6,31 ). Hemodynamic responses varied, how
ever, between individuals,possiblybecause of a development
of tolerance to caffeine (7). The caffeine-related increase in
cardiac work would be expected to prompt a proportional
increasein myocardialbloodflow(17,32,33),which,however,
did not occur. In fact, after caffeine intake, myocardial blood
flowwas no longer significantlycorrelated with the rate pres
sure product. Furthermore, blood flow normalized to the rate
pressure product declined with caffeine intake.

Different mechanisms might account for this finding. For
example, caffeine might have inhibited the vasodilatory
effect of endogenous adenosine (34). This possibility has
been suggested by an earlier invasive study; intravenous
theophylline infusion produced a subtle decrease in coro
nary sinus blood flow despite an increase in the rate pres
sure product, suggesting a moderate inhibition of endog
enously formed adenosine by xanthine derivatives (35). As
an alternative or additional explanation, a caffeine-induced
release of adrenal norepinephrine might have increased the
coronary vasomotor tone by coronary cr2receptor stimula
tion, which may partly have offset demand-induced coro
nary vasodilation (9,10). The observed (â€”10%)increase in
resting coronary vascular resistance and the decline in
blood flow normalized to cardiac work might be attributed
to both an adrenergic a2 receptor stimulation and/or block
ade of the A2 adenosine receptors.

Study Umitations
The time dependence of caffeine-induced reductions in

hyperemic blood flow was not assessed in this study. Thus,
the study offers no information on the time of caffeine
abstinence necessary to achieve a maximal hyperemic re
sponse. A previous report, however, suggests that signifi
cant serum caffeine levels might persist as long as 24 hr
after caffeine intake (5). Thus, rigorous adherence to a
24-hr abstinence from caffeinated food, beverages or med
ication would presumably increase the reliability and accu
racy of pharmacologic stress testing with dipyridamole.

Another limitation is that coffee and not pure caffeine
was used. Other unknown substances might also have af
fected myocardial blood flow and flow reserve. Further
more, we did not explore the effects of caffeine on resting
and hyperemic blood flow in patients with CAD. Indirect
evidence suggests, however, that caffeine affects blood flow
and flow reserve in a similar fashion (6,25,27,29).

Lastly, as a technical limitation, left ventricular wall
thickness was assumed to be uniformly 1 cm thick for
correction of partial volume effects. It is acknowledged that
such simplification might result in systematic errors of flow
estimates. Yet, because each participant served as his/her
own control, this assumption does not invalidate the finding
of marked reduction in hyperemic blood flow following
caffeine ingestion.

CONCLUSION

The attenuated hyperemic response to dipyridamole
demonstrates that careful dietary instructions and screen
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ing of patients prior to pharmacologic stress testing is im
portant to obtain conclusive results.
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