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Effect of ÃŸ{Adrenergic Receptor Blockade on
Myocardial Blood Flow and Vasodilatory Capacity
Morten BÃ¶ttcher, Johannes Czernin, Karl Sun, Michael E. Phelps and Heinrich R. Schelbert
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The ÃŸ,receptor blockade reduces cardiac work and may thereby
lower myocardial blood flow (MBF) at rest. The effect of ÃŸ,receptor
blockade on hyperemic MBF is unknown. Methods: To evaluate the
effect of selective ÃŸ,receptor blockade on MBF at rest and during
dipyridamole induced hyperemia, 10 healthy volunteers (8 men, 2
women, mean age 24 Â±5 yr) were studied using 13N-ammonia PET
(two-compartment model) under control conditions and again dur
ing metoprolol (50 mg orally 12 hr and 1 hr before the study).
Results: The resting rate pressure product (6628 Â±504 versus
5225 Â±807) and heart rate (63 Â±6-54 Â±5 bpm) declined during
metoprolol (p < 0.05). Similarly, heart rate and rate pressure product
declined from the baseline dipyridamole study to dipyridamole plus
metoprolol (p < 0.05). Resting MBF declined in proportion to
cardiac work by approximately 20% from 0.61 Â±0.09-0.51 Â±0.10
ml/g/min (p < 0.05). In contrast, hyperemic MBF increased when
metoprolol was added to dipyridamole (1.86 Â±0.27-2.34 Â±0.45
ml/g/min; p < 0.05). The decrease in resting MBF together with the
increase in hyperemic MBF resulted in a significant increase in the
myocardial flow reserve during metoprolol (3.14 Â±0.80-4.61 Â±
0.68; p < 0.01). Conclusion: The ÃŸ.,receptor blockade increases
coronary vasodilatory capacity and myocardial flow reserve. How
ever, the mechanisms accounting for this finding remain uncertain.

Key Words: myocardial blood flow; myocardial flow reserve; ÃŸ,
receptor blockade; PET
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IVlyocardial ÃŸ,receptors modulate heart rate, systolic blood
pressure and myocardial contractility in response to adrenergic
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stimulation. Blockade of myocardial ÃŸ,receptor activity re
duces myocardial oxygen requirements and myocardial blood
flow (/). The beta blocker-induced reduction in myocardial
oxygen demand has been used successfully in the treatment of
chronic and acute coronary artery syndromes (2,3). The beta-
receptor blockade might also alter myocardial blood flow
during near maximal coronary vasodilation. This is, because
beta-receptor blockade reduces myocardial contractility that
may reduce extravascular resistive forces. Such forces have
been demonstrated to impede coronary blood flow during
pharmacological vasodilation (4). On the other hand, the reduc
tion in heart rate associated with ÃŸ,-receptorblockade results in
an increased duration of the diastolic coronary flow phase that
may result in increases in hyperemic blood flow (5).

However, the net effect of such intervention on hyperemic
blood flow and myocardial flow reserve have not been quanti
fied in humans. This can now be accomplished with dynamic
PET and '3N-ammonia as a tracer of myocardial blood flow
(6-9). The aim of this study was, therefore, to quantify
noninvasively with 13N-ammonia PET the effect of ÃŸ,-receptor

blockade on myocardial blood flow and vasodilatory capacity in
humans.

STUDY POPULATION
The study population consisted of 10 healthy volunteers (8

men, 2 women, mean age 24 Â±5 yr) with a low likelihood for
coronary artery disease, as evidenced by a normal physical
examination, normal resting ECG and absence of any signifi
cant risk factors (10). None of the participants had a history of
cigarette smoking, elevated serum cholesterol levels, hyperten
sion or diabetes and none was on any medication. To avoid
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TABLE 1
Hemodynamic Findings

Systolicblood pressure(mmHg)Patientno.12345678910mean

Â±*P<Rest1019811510393107119108105108s.d.106Â±0.05

versusRest

+betablocker82911109398931149699978

97Â±9*baselineDlastolic

blood pressure(mmHg)DipyridamoleDipyridamole11110311611588115113109116110110Â±9+

betablocker979410798105109126108110106106Â±9Rest6056595564686854615960Â±5Rest
+betablocker5251515154506453575354

Â±4*DipyridamoleDipyridamole6657605842576462566058Â±7+

betablocker6053485456486058645456Â±5Rest5760566974626066616463Â±6Heart

rate(bpm)Rest

+betablocker4350556156495459555354

Â±5*DipyridamoleDipyridamole9786771071059384100909593Â±9+

betablocker6872679683828992948683Â±

11*

untoward side effects of dipyridamole, individuals with bron
chial asthma were excluded from the study.

All study participants refrained from intake of caffeine-
containing food or beverages for at least 24 hr before each study
(9). All participants gave written informed consent as approved
by the local human subject protection committee (11,12).

Study Protocol
The two-day study protocol consisted of four l3N-ammonia PET

blood flow measurements. On one day, myocardial blood flow was
studied at rest and during dipyridamole-induced hyperemia under
control conditions. On the other day, this sequence was repeated
after treatment with 50 mg metoprolol orally 12 hr and 1 hr before
the study. The study sequence was performed in a random order
with a mean difference of 9 days (range 3-19 days) between the

two studies.

PET
The Siemens/CTI 931/08-12 positron tomograph, which ac

quires 15 transaxial images simultaneously, was used. This device
has an axial field of view of 10 cm, an intrinsic in-plane spatial
resolution of 6.5 mm FWHM and an interplane spacing of 6.7 mm.
The transaxial images were reconstructed using a Shepp filter with
a cutoff frequency of 0.3 Nyquist, resulting in an effective in-plane
resolution of 11 mm FWHM (13).

After a 20-min transmission image to correct for photon atten
uation, 13N-ammonia (20 mCi) was injected and the dynamic

imaging sequence was started simultaneously. Fifty minutes later,
to allow for decay of the radio tracer activity, pharmacological
vasodilation was induced by intravenous infusion of dipyridamole
for 4 min (0.56 mg/kg). Four minutes, thereafter, 13N-ammonia (20

mCi) was injected and serial imaging commenced. The dynamic
imaging protocol consisted of twelve 10-sec, two 30-sec, one
60-sec and one 15-min images.

Throughout the flow studies, heart rate and blood pressure
(automated cuff measurements) were measured at 1-min intervals.
The rate pressure product was calculated from the two measure
ments during the first 2 min of the 13N-ammonia image acquisition.

Mean arterial blood pressure was calculated as (systolic blood
pressure + (2 X diastolic blood pressure)) + 3.

Quantification of Blood Flow
The serially-acquired sets of 15 transaxial images were reori

ented into six short-axis planes as described previously (14,15).
The short-axis images were used to generate polar maps of the
13N-ammonia activity distribution and compared to a database of

normals to ascertain that all participants were indeed free of
coronary artery disease (14).

MBF was quantified in the vascular territories of the left anterior
descending artery, left circumflex and the right coronary artery, as
described previously (16-18).

ROIs were approximated to the three vascular territories on three
short-axis images (one basilar, one midventricular and one apical
image). These regions encompass 70-90Â° sections of the left

ventricular myocardium, as described previously (19). The same
anatomical landmark (the insertion of the right ventricle into the
interventricular septum) was used in all studies to ensure identical
ROIs in all four blood flow studies.

A small ROI was centered in the left ventricular blood pool to
derive the arterial input function (20). The regions were then
copied to the first 120 sec of the dynamic imaging sequence to
obtain tissue time-activity curves.

For each of the vascular territories, the three tissue curves
(basilar, midventricular and apical) were averaged and corrected
for partial volume effects by assuming a uniform myocardial wall
thickness of 1 cm (21). Both the blood-pool and myocardial
time-activity curves were corrected for physical decay. They were
then fitted with a previously validated two-compartment model that
corrects for spillover of activity from blood pool into the left
ventricular myocardium (8,15,22).

Statistical Analysis
Mean values are given with their s.d.s. The paired Student's

t-test was used to determine differences within each individual.
Slopes and intercepts of regression lines were compared using the
analysis of covariance. Correlations were sought using least
squares method. Probability values of less than 0.05 were consid
ered significant.

RESULTS

Hemodynamic Findings
The hemodynamic findings are listed in Table 1. The resting

rate pressure product declined from 6628 Â±504 at control to
5225 Â±807 (p < 0.05) during metoprolol. A decline in rate
pressure product was observed in all but one participant and
was due to reductions in both heart rate (63 Â±6 versus 54 Â±5
bpm; p < 0.05) and systolic blood pressure (106 Â±8 versus
97 Â±9 mmHg; p < 0.05).

Similarly, the dipyridamole-induced increase in rate pressure
product was attenuated after treatment with metoprolol
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TABLE 2
Myocardial Blood Flow (MBF) and Flow Reserve

Rest MBF (ml/g/min) MBF/RPP (X10.5) Hyperemic MBF (ml/g/min) Flow reserve

Patient
No.12345678910mean

Â±s.d.Baseline0.460.530.580.650.660.550.640.810.610.600.61Â±0.09Beta

blocker0.440.350.470.520.510.500.500.710.510.610.51

Â±0.10*Baseline7.999.019.019.159.598.298.9611.369.528.689.16Â±0.92Beta

blocker12.487.697.779.179.2910.978.1212.549.3711.879.93

Â±1.90Baseline2.121.551.891.681.792.331.501.721.872.131.86Â±0.27Beta

blocker1.911.822.361.902.112.582.113.063.012.542.34

Â±0.45*Baseline4.612.923.262.582.714.242.342.123.073.553.16 Â±0.80Beta

blocker4.345.205.023.654.145.164.224.315.904.164.61

Â±0.68*

*p < 0.05 versus baseline.

MBF/RPP = myocardial blood flow normalized to rate pressure product; mean Â±s.d. = (syst + (2 x diast) â€¢*â€¢3)

(10208 Â±1076 versus 8575 Â±1770; p < 0.05). However, the
mean aortic blood pressure during hyperemia was similar under
control conditions and after metoprolol (75 Â±7 versus 72 Â±5
mmHg; p = ns).

Myocardial Blood Flow and Row Reserve
Resting myocardial blood flow declined in proportion to

cardiac work by approximately 20% from 0.61 Â± 0.09 to
0.51 Â±0.10 ml/g/min (p < 0.05) (Table 2; Fig. 1A). Overall,
resting blood flow was linearly related to the rate pressure
product (y = 0.13 + 0.00007x; r = 0.66; p < 0.005) (Fig. 2).

To account for differences in rate pressure product (an index
of cardiac work) between patients, resting blood flow was
normalized to the rate pressure product. Normalized resting
myocardial blood flow (XlO5) work did not change from

control to ÃŸ,receptor blockade (9.16 Â±0.92 versus 9.93 Â±
1.90; p = ns) (Table 2) suggesting a proportional decline in
blood flow and rate pressure product during ÃŸ,-receptor block
ade. The association between the rate pressure product and
myocardial blood at rest was analyzed also for individuals
under baseline conditions and during metoprolol using analysis
of covariance. Such analysis revealed: (a) a significant correla
tion between rate pressure product and blood flow under
baseline conditions (y = -0.38 + 0.00015x, p = 0.0052); (b)

no significant correlation between rate pressure product and
myocardial blood flow during ÃŸtreceptor blockade (y = 0.27
+ 0.00047x; r = 0.39; p = ns); and (c) no significant F ratio
( 1.409; p = 0.27311 ) indicating that the slopes or intercepts do

not differ for those relationships.

Hyperemic myocardial blood flow increased from 1.86 Â±
0.27 ml/g/min during control to 2.34 Â±0.45 ml/g/min during
dipyridamole combined with metoprolol (p < 0.05) (Fig. IB,
Table 2). However, no significant relationship between heart
rate and dipyridamole-induced hyperemic blood flow was
observed under baseline conditions or during metoprolol (y =
0.8 + 0.019; r = 0.45; p = ns).

The decrease in resting blood flow together with the increase
in hyperemic blood flow during ÃŸ,-receptor blockade resulted
in a significant increase in the myocardial flow reserve, defined
as the ratio of hyperemic over resting myocardial blood flow
(3.14 Â±0.80 to 4.61 Â±0.68; p < 0.01) (Table 2).

To correct for differences in mean arterial blood pressure, as
an index of coronary driving pressure, an index of coronary
vascular resistance was derived from the ratio of mean arterial
blood pressure to blood flow (mmHg/ml/g/min). This index at
rest did not differ between control and metoprolol under resting
conditions (127 Â±20 versus 137 Â±25 mmHg/ml/g/min; p =
ns). However, minimal coronary resistance declined from 41 Â±
7 mmHg/ml/g/min during dipyridamole to 32 Â±5 mmHg/ml/
g/min during dipyridamole + metoprolol (p < 0.05).

DISCUSSION
This study demonstrates that ÃŸ,-receptorblockade modulates

both resting and hyperemic blood flow. Proportional reductions
in cardiac work and myocardial blood flow at rest and increases
in hyperemic blood flow resulted in a significant increase in the
myocardial flow reserve during ÃŸ,-receptor blockade.

B
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RGURE 1. Changes in myocardial blood
flow (A) at rest and (B) during dipyri
damole-induced hyperemia as induced
by ÃŸ,-receptor blockade with metoprolol.
Metoprolol-induced significant decreases

in resting and significant increases in hy
peremic blood flow.
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FIGURE 2. Relationship between myocardial blood flow and rate pressure
product (bpm x mmHg) under baseline conditions (closed circles) and
during metoprolol (open squares). A significant correlation was observed
under baseline conditions (y = -0.38 + 0.00015x, p = 0.0052) but not during
ÃŸ,-receptor blockade (y = 0.27 + 0.00047x; r = 0.39; p = ns). A comparison

between the slopes and intercepts of the regression lines by analysis of
covariance revealed no significant F ratio (1.409; p = 0.27311), indicating that
the slopes or intercepts do not differ for these relationships.

Myocardial Blood Flow at Rest
Resting myocardial blood flow, commonly referred to as

auto-regulated blood flow, correlates with myocardial oxygen
consumption and is determined primarily by left ventricular
wall stress, myocardial contractility and heart rate (23-25).

However, the rate pressure product is correlated to myocardial
oxygen consumption and, therefore, can be used as a simple
index of cardiac work (26). As myocardial blood flow is closely
linked to myocardial oxygen consumption, the rate pressure
product would be expected to be correlated to myocardial blood
flow. In fact, a significant relationship between these two
parameters has been demonstrated previously in healthy indi
viduals and patients with heart disease (18,19,26-28). Selective
ÃŸ,-receptor blockade lowers heart rate, contractility and left
ventricular wall stress by inhibiting the ÃŸ,-receptor mediated
positive inotropic and chronotropic effects of norepinephrine.
Thus, ÃŸ,-receptor blockade reduces the rate pressure product.
Accordingly, this antagonistic effect at the receptor level
reduced the rate pressure product and coronary blood flow in 17
patients with coronary artery disease by 10%-15% (29). A
similar magnitude of changes was observed in the current study.
Myocardial blood flow (16% Â± 10%) and the rate pressure
product declined proportionally by 21% Â±9%.

Interestingly, the relationship between rate pressure product
and myocardial blood flow was not affected by selective
blockade of myocardial ÃŸ,receptors. Resting blood flow
normalized to the rate pressure product did not differ between
control conditions and during metoprolol. Furthermore, analysis
of covariance failed to demonstrate a significant F ratio (1.409;
p = 0.27), indicating that the slopes or intercepts of the
regression lines for the relationship between rate pressure
product and myocardial blood at rest and during metoprolol did
not differ.

A significant correlation between rate pressure product and
resting blood flow was only observed under baseline conditions
but not during metoprolol. This is likely explained by the
narrow range of rate pressure products during ÃŸ[-receptor
blockade. The similar slopes of the regression lines suggest, that
ÃŸ̂receptor blockade does not affect significantly the relation
ship between myocardial blood flow and cardiac work. How
ever, because of the small number of observations, even a

negative analysis of covariance does not rule out entirely a
modest effect of ÃŸ,-receptor blockade on this relationship.

Myocardial Blood Flow During Dipyridamole-lnduced
Hyperemia

Hyperemic myocardial blood flow is modulated by coronary
driving pressure (30), heart rate (5) and extravascular compres
sive forces (4). In addition, the baseline vasomotor tone of the
resistance vessels may affect the coronary vasodilatory capac
ity.

Mean aortic blood pressure, as an index of coronary driving
pressure, remained unchanged from baseline to metoprolol.
Therefore, the increase in hyperemic blood flow cannot be
ascribed to changes in coronary driving pressure.

The heart rate response to dipyridamole was blunted during
metoprolol. Such reduction extends the diastolic coronary-
filling time that may have contributed to the increase in
hyperemic blood flow. However, no significant relationship
between heart rate and dipyridamole-induced hyperemic blood
flow was observed (y = 0.8 + 0.019; r = 0.45; p = ns).

Similarly, no significant relationship was observed when the
baseline hyperemic data were combined with the hyperemic
blood flow during metoprolol. Consistently, much larger
changes in heart rate than those observed in the current study
were required to alter coronary blood flow in animal experi
mental studies (31). Thus, a significant contribution of the
blunted heart rate response to the increased hyperemic blood
flow seems unlikely.

Reductions in extravascular resistive forces may serve as
another explanation for the increase in hyperemic blood flow
during metoprolol. These forces are determined by physical
compression of the intramural coronary arteries and by shear
forces that twist coronary arteries as the heart contracts (4).
Marzilli et al. (4) demonstrated that extravascular resistive
impede coronary blood flow particularly during pharmacolog
ical vasodilation. However, these forces can be modulated
substantially by changes in left ventricular contractility (4). A
similar effect has been demonstrated recently in humans. In
healthy individuals, increases in extravascular compressive
forces as induced by exercise-attenuated adenosine induced
hyperemic myocardial blood flow by 18% (32). However,
systolic myocardial compression would only explain a rather
small fraction of the increases in diastolic coronary blood flow.
As another explanation, beta blocker-induced improvements in
diastolic relaxation might have contributed to the improved
vasodilatory capacity during metoprolol. Both negative inotro
pic effects and improved diastolic relaxation may, therefore,
have reduced extravascular compressive forces during ÃŸ,-
receptor blockade. Extravascular compressive forces affect the
endocardium of the left ventricle to a greater degree than the
epicardium. Yet only the net effect of extravascular compres
sive forces on myocardial blood flow, but not differential
effects on different layers of the myocardium, can be addressed
adequately with PET.

The mechanisms underlying the improved coronary vasodi
latory capacity during ÃŸ,-receptor blockade cannot be eluci
dated from the current observations. Nevertheless, reductions in
extravascular compressive forces, improved diastolic left ven
tricular relaxation and the blunted heart rate response may have
affected beneficially the diastolic phase of myocardial perfusion
during dipyridamole-induced hyperemia.

Study Limitations
This study did not explore the effects of ÃŸ,-receptorblockade

on resting and hyperemic blood flow in patients with coronary
artery disease. Thus, it is unknown whether similar increases in
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hyperemic blood flow would have been observed in patients.
However, reductions in ÃŸ,-adrenergic activity also reduce left
ventricular contractility in patients with coronary artery disease.
Therefore, we would anticipate similar effects in these patients.

As another limitation, the mechanisms underlying the ÃŸ,-
receptor blocker induced improved flow reserve cannot be
elucidated from the current study. For instance, it can only be
speculated that extravascular compressive forces account for
the improved coronary vasodilatory capacity. Moreover, ex
travascular compressive forces affect the endocardia! layer of
the heart to a greater degree than the epicardial layer. The
limited spatial resolution of PET precludes differentiating
between the effects of ÃŸ,-receptor blockade on endocardia! and
epicardial blood flow.

As a technical limitation, automated blood pressure measure
ments may induce some error in the estimation of mean arterial
blood pressure. However, such error was likely to have affected
all participants to a similar degree. Moreover, the significant
relationship between rate pressure product and blood flow at
rest argues for the validity of these measurements.

As another technical limitation, the left ventricular wall
thickness was assumed to be uniformly 1-cm thick for correc
tion of partial volume effects. It is acknowledged that such
simplification may result in systematic errors of flow estimates.
Yet, because each participant served as their own control, this
assumption does not invalidate the finding of a marked increase
in hyperemic blood flow after ÃŸ,-receptor blockade. However,
it should be noted that more accurate corrections for partial
volume effects would be required to quantify the effects of
ÃŸi-receptor blockade on myocardial blood flow in patients with
coronary artery disease, myocardial infarctions and left ventric
ular hypertrophy.

CONCLUSION
The ÃŸ,-receptor blockade reduces resting blood flow and

increases the myocardial flow reserve. This finding may have
important implications in the clinical setting. First, ÃŸ,-receptor
blockers do not need to be discontinued before pharmacological
stress testing with dipyridamole. The current findings suggest
that ÃŸ^receptor antagonists do not blunt the pharmacological
effects of dipyridamole. The reduction in resting blood flow and
improved vasodilatory capacity may raise the threshold for
ischemie events in patients with coronary artery disease (2,3).
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