MAJOR ACHIEVEMENTS IN NUCLEAR CARDIOLOGY

Selective adenosine agonists and myocardial
perfusion imaging

Gilbert J. Zoghbi, MD,** and Ami E. Iskandrian, MD?

Selective adenosine receptor agonists have several advantages for use as stress agents in con-
junction with myocardial perfusion imaging compared to the non selective agents such as
adenosine and dipyridamole. This review will summarize the pre-clinical and clinical data
on the selective adenosine agonist stress agents regadenoson (Lexiscan®), binodenoson
(CorVue™) and apadenoson (Stedivaze™) that have been studied so far with focus on reg-
adenoson that has the most clinical data published so far. The article will review the adenosine
receptor types and properties. It will also review the various attributes of the selective aden-
osine agonists including their pharmacology, pharmacokinetics and pharmacodynamics, their
coronary vasodilatory and hemodynamic effects, their safety and side effects, their interactions
with other drugs and their use with myocardial perfusion imaging. The landmark trials of the
selective adenosine agonists will be reviewed as well as their use in special patient populations
undergoing stress myocardial perfusion imaging.
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INTRODUCTION

Pharmacologic stress is used in conjunction with
~50% of the ~ 10 million myocardial perfusion imag-
ing (MPI) studies performed yearly in the United States
for the evaluation of patients with known or suspected
coronary artery disease (CAD). Pharmacologic stress is
reserved for patients who cannot exercise, achieve
adequate exercise end-points, or have a left- bundle
branch block (LBBB) or electronically paced rhythms.
Around 50% of outpatients and 75% of inpatients and
~30% of patients <75 years and ~50% of >75 years
cannot perform adequate exercise MPL' The pharmaco-
logic stress agents include the vasodilator agents and the
inotropic-chronotropic agents such as dobutamine or
arbutamine. The vasodilator stress agents are classified,
based on their action on the adenosine receptors, as non-
selective agonists such as dipyridamole, adenosine, and
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adenosine triphosphate (ATP) or as selective agonists
such as regadenoson (Lexiscan®, Gilead Sciences Inc),
binodenoson (CorVueTM, King Pharmaceuticals) or
apadenoson (StedivazeTM, Forest Laboratories, Inc).
Regadenoson, the only FDA approved agent so far, has
become one of the more commonly used pharmacologic
stress agents in use in the United States accounting for
68% of the market compared to 15% for adenosine, 13%
for dipyridamole, and 4% for dobutamine.

VASODILATOR MPI

The vasodilator agents increase the myocardial
blood flow (MBF) by 3-5-fold in normal coronary
arteries independent of myocardial oxygen demand.
The generation of perfusion defects during vasodilator
MPI results from the disparity in MBF and radiotracer
concentration between territories supplied by non-dis-
eased compared to diseased coronary arteries that have
limited ability to augment MBF. The capillaries and
myocardial blood volume are important in determining
the regional myocardial radiotracer concentration. Cel-
lular exchange and radiotracer extraction depend
primarily on capillaries that contain 90% of the myocar-
dial blood volume.” A capillary pressure of >30 mm Hg
is needed to maintain resting MBF and homeostasis and is
achieved in the presence of coronary stenosis by recruit-
ment of capillaries.” In the presence of a significant
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Table 1. Distribution and action of the various adenosine receptors (reproduced from Zoghbi and

Iskandrian® with permission)

Receptor type Location

Action

Al Sinoatrial node
Atrioventricular node
Atrial myocytes
Ventricular myocytes

Negative dromotropic, inotropic and
chronotropic effects

Preconditioning

Chest pain production

Tachypnea production

A2A Smooth muscle cells Coronary vasodilatation (predominant)
Peripheral vasodilatation (partial)
Anti-inflammatory effect
Sympathetic stimulation
A2B Smooth muscle cells Vasodilatation in most vascular beds
Vasoconstriction in renal afferent arterioles
and hepatic veins
Bronchiolar constriction
Mast cell degranulation
A3 Ventricular myocytes Preconditioning
Bronchospasm
Agonists Antagonists THE ADENOSINE RECEPTORS
Dip“idam‘;'f!: CaffeinelAminophylineTheophline The adenosine receptors are ubiquitously located in
Regadenoson Me‘:] _ multiple tissue types and are divided into ﬁ 5subtypes:
Al, A2A, A2B, and A3 (Table 1; Figure 1).”” The Al
' i l i 1 i and A3 receptors activate a Gi protein that decreases
adenylyl cyclase activity leading to a decrease in
. As intracellular cyclic adenosine monophosphate (cAMP)
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Figure 1. Adenosine receptor subtypes and mode of action
(modified from Gemignani and Abbottd).

stenosis, the coronary MBF reserve and capillary recruit-
ment are already maximal and can minimally increase
further under vasodilator stress leading to the disparity in
MBF and radiotracer concentration compared to a non-
diseased coronary artery which is the basis for the
generation of perfusion defects by single photon emission
computed tomography (SPECT) MPI.

which increases potassium channel conductance and
causes smooth muscle contraction.®® The A2A and A2B
receptors activate a Gs protein that increases adenylyl
cyclase activity leading to an increase in intracellular
cAMP which opens potassium channels and inhibits the
voltage-gated calcium channels resulting in smooth
muscle relaxation and arteriolar vasodilation.” Stimu-
lation of the A2A receptors causes coronary vasodilation
whereas stimulation of the other adenosine receptors
causes the undesirable side effects. An ideal adenosine
receptor agonist is one that causes vasodilation via
selective stimulation of the A2A receptor and minimal
or no stimulation of the other adenosine receptors that
cause the side effects (Table 2). Most of the adenosine
receptor agonists are derived from the purine nucleo-
sides adenosine or xanthosine.” The selective A2A
agonists that have been studied so far as pharmacolog-
ical stressors for MPI are apadenoson (BMS068645 or
ATL146e), regadenoson (CVT-3146), and binodenoson
(MRE-0470 and WRC-0470).
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Table 2. Attributes of the ideal vasodilator for
stress MP171°

Selective A2A receptor agonist (selective coronary
vasodilatation)

Rapid onset of action

Short duration of action
Long enough to allow radiotracer uptake during
maximal coronary hyperemia

Coronary hyperemia: increase myocardial blood flow
by 2-3-fold above baseline

Ease of administration (single and non weight- based
bolus),

Acceptable safety and tolerability profile
Minimal side effects
Ease of reversing side effects with an antagonist

PHARMACOLOGY, PHARMACOKINETICS,
AND PHARMACODYNAMICS

Regadenoson

Regadenoson is a 2-[N-1-(4-N-methylcarboxamido-
pyrazolyl)] pyrazole adenosine derivative (Figure 2).'°
In contrast to adenosine, regadenoson is less rapidly
metabolized by the cell membrane nucleoside transporter
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or by the plasma adenosine deaminase permitting its
administration as an intravenous (IV) bolus rather than a
continuous IV infusion.'' In pharmacokinetic and phar-
macodynamic analyses of regadenoson in healthy male
volunteers, adverse events were mainly related to vaso-
dilation and increase in heart rate (HR) and were more
prevalent at regadenoson doses >3 pg/kg in a dose-
dependent effect.'> The maximum tolerated doses of
regadenoson were 20 pg/kg in the supine position and
10 pg/kg in the standing position.'” The pharmacokinet-
ics of regadenoson followed a 3-compartment model with
linear clearance and rapid distribution throughout the
body followed by a slower elimination half-life of
approximately 2 hours following IV bolus administra-
tion.'? Following IV bolus administration, regadenoson
maximal venous plasma concentration was reached
within 1-3 minutes.'' The central compartment volume
of distribution was 11.5 L and the steady state volume of
distribution was 78.7 L with an estimated clearance of
37.8 L/h.'? Renal excretion accounted for 58% of total
regadenoson elimination.'> Regadenoson’s volume of
distribution, terminal half life and excretion were dose
independent.'’ The plasma regadenoson concentration
causing a 50% increase in E ,,x (EC50) and the maximum
HR increase (E,.,) werel2.3 ng/mL and 76 beats/min-
ute, respectively.'? The elimination half life of a single IV
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Figure 2. Chemical structures of adenosine and the selective adenosine A2A receptor agonists.
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bolus of 400 pg of regadenoson was prolonged with
decreasing renal function.'”> However, regadenoson’s
maximal plasma concentrations, severity and number of
adverse side effects did not differ significantly by
renal function.'® Thus, dose adjustments of regadenoson
are not necessary in patients with impaired renal
function."?

Binodenoson

Binodenoson is a [(2-cyclohexylmethylene)hydra-
zine]  adenosine  derivative  (Figure 2).14 The
pharmacokinetics of binodenoson were studied after
IV escalating doses (0.1, 0.2, 0.4, 0.6, 1, 2, 3, 4, 5, and
6 pg/kg) that were infused over 10 minutes in healthy
volunteers.'* Binodenoson exhibited linear pharmacoki-
netics and a dose-related increase in side effects such as
headache, nausea, vasodilation, and chest pain.14 Bino-
denoson distributed into the extracellular space and
exhibited 2-compartment pharmacokinetics based on
visual inspection of the semi-log plots of plasma
concentration vs time curves.'* The distribution phase
was apparent at higher doses over the first 10 minutes
post-infusion and the terminal elimination phase was
generally apparent after 10-15 minutes post-infusion
with a terminal half life of 10 £ 4 minutes. Systemic
clearance was independent of dose but correlated with
body weight."* Mean maximal plasma concentration
(Cmax) values increased with dose with a range from
0.09-12.11 ng/mL. C,x occurred at the end of the
infusion with a corresponding mean time of maximum
plasma concentration (7y,,x) of 7.5-11.3 minutes across
all doses.'"* The incidence of side effects was dose
related.'*
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Apadenoson

Apadenoson (ATL-146e) is a 2-propynylcyclohexyl-
5’-N-ethylcarboxamido derivative of adenosine (Fig-
ure 2)."> The pharmacokinetic and pharmacodynamic
properties of apadenoson have not been published.

ADMINISTRATION

Regadenoson is marketed as Lexiscan® (Astellas
Inc) and is packaged in 5 mL pre-filled syringes. It is
administered as a single 400 pg IV bolus dose over
10 seconds followed by a 5 mL saline flush.’ The
radiotracer is administered 20 seconds after the regad-
enoson bolus.” Binodenoson has not been yet approved
by the FDA for use. It will be marketed as CorVue™
(King Pharmaceuticals) and will be supplied in 250 ng
vials. Binodenoson is administered as a single weight
based IV bolus dose of 1.5 pg/kg over 30 seconds. The
packaging information for apadenoson is not available.

ADENOSINE RECEPTOR BINDING AFFINITY
AND SELECTIVITY

The properties of the selective A2A receptor ago-
nists are summarized in Table 3. Compared to
adenosine, regadenoson is 100 times more potent at
the A2A receptor.”' In animal studies, regadenoson
had greater affinity and more selectivity for the A2A
receptor compared to the other adenosine receptors.'® In
one study of isolated rat hearts, regadenoson increased
coronary conductance via its action on the A2A recep-
tors without affecting the atrioventricular conduction
times that are mediated by the Al receptor.'® Receptor

Table 3. Properties of the A2A receptor agonists (modified from Hendel et al,” Al Jaroudi and

Iskandrian'©)

Binodenoson Apadenoson Regadenoson
Selectivity +++ ++++ ++
Affinity +++ ++++ +
Potency +++ ++++ ++
Hyperemia onset <1 minute <1 minute 20-40 seconds
Hyperemia duration 10 minutes 4-5 minutes 2-3 minutes
Elimination Renal (57%)
Administration Bolus Bolus Bolus
Dose Weight based Fixed dose Fixed dose
Antidote Aminophylline Aminophylline Aminophylline
Clinical trials Completed Phase Il Completed
FDA approval No No Yes
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Figure 3. Duration and extent of coronary vasodilation of
adenosine and the selective A2A agonists (from Cerqueira'’
with permission).

affinity (Ki) is defined as the ratio of the rate of drug
dissociation to the rate of drug association to the
receptor in question.'® Thus, high affinity agonists have
a lower Ki compared to low affinity agonists.'® The
affinity of regadenoson to the A2A receptor was >13-
fold compared to the AIlA receptor.'® At the A2A
receptor, regadenoson (Ki = 1200) has a lower affinity
compared to CGS-21680 (Ki = 157) and binodenoson
(Ki = 21) and a higher affinity compared to adenosine
(Ki = 2700-5600).'®'" In dog studies, ATL-146e was
equipotent to ATL-193 as agonist of A2A receptors and
~6 and 35 times more potent than MRE-0470 (bino-
denoson) and CGS-21680, respectively. ATL-146e was
more selective for the A2A over the Al receptor.'®
ATL-146e was 71 times more selective for the A2A over
the Al receptor compared with selectivity ratios of 37
and 6 for MRE-0470 and CGS-21680, respectively.'®
Regadenoson produced a maximal coronary vasodilator
response of similar magnitude compared with the higher
affinity A2A agonists (Figure 3).'®'” Thus a lower
affinity drug, such as regadenoson, can elicit a potent
and rapid vasodilatory response due to the presence of a
high density of A2A receptors and a large spare receptor
capacity in the coronary arteries.'®!”

ANIMAL STUDIES

Coronary Vasodilatation

Intravenous adenosine (13-267 pg/kg) and regadeno-
son (0.1-5 pg/kg) were compared in a study of conscious
dogs.'® Regadenoson caused a dose-dependent increase of
coronary blood flow (CBF) with a comparable maximal
increase to adenosine (221% + 18% vs 227% + 11%).'8
Regadenoson (ED50 = 0.34 + 0.08 ng/kg) was more
potent than adenosine (ED50 = 51 + 15 pg/kg, P <
.05).18 Duration of CBF > 2-fold above the baseline
ranged from 97 + 14 seconds to 247 + 39 seconds for
the minimal to maximal regadenoson doses compared
to 24 + 2 seconds after the maximal adenosine dose.'®
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Figure 4. Time course of changes in coronary blood flow
(CBF) by regadenoson (CVT-3146) and adenosine (reproduced
from Zhao et al'® with permission).

In another study of conscious dogs, IV regadenoson (0.1-
2.5 pg/kg) or adenosine (10-250 pg/kg) caused similar
dose-dependent increases in CBF and dose-dependent
decreases in the late diastolic coronary resistance.'” Reg-
adenosonat 2.5 pg/kg caused a similar increase in maximal
CBF compared to 250 pg/kg of adenosine though the
increase in CBF was significantly of longer duration
with regadenoson (Figure 4).'® Adenosine (ED50 = 47 +
7.77 pg/kg) was 100 times less potent than regadenoson
(ED50 = 0.45 + 0.07 pg/kg)."

Regadenoson (2.5 pg/kg IV bolus) and adenosine
(4.5-minute infusion at 280 pg/kg) were studied in
anesthetized dogs.”® The biodistribution and clearance
of 201-TI and 99m-Tc sestamibi tracers and the hyper-
emic responses were comparable between regadenoson
and adenosine.”” During regadenoson stress, the relative
microsphere flow deficit (0.34% + 0.02%) was signifi-
cantly greater than the relative perfusion defect with
201-T1(0.53% = 0.02%, P < .001) or 99m-Tc sestamibi
(0.69% = 0.03%, P < .001) and the ex vivo single
photon emission computed tomography (SPECT) perfu-
sion defect score was larger with 201-T1 (22% =+ 2.8%)
than with 99m-Tc sestamibi (17% + 1.7%).>°

Binodenoson (0.1-3 pg/kg/minute infused for
10 minutes) produced dose-related vasodilatation in
the left anterior descending (LAD) and left circumflex
(LCx) arteries of 5 dogs without altering mean BP,
HR, left atrial pressure, or left ventricular (LV) dP/
dr.?' Infusion of adenosine at 300 pg/kg/minute for
4 minutes to the same dogs produced coronary vaso-
dilatation  that was limited by  significant
hypotension.”’ The maximal hyperemic effect of bi-
nodenoson was produced by the 1 png/ kg/minute dose
and was considerably greater than that produced by
adenosine (Figure 5). In 6 dogs, LAD stenosis was
created by snare ligature. Adenosine (250 pg/kg/
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Figure 5. Dose-dependent increase in mean LCx coronary
flow (Q.x) in response to multiple doses of binodenoson in
anesthetized dogs compared to a 300 pg/kg/minute adenosine
infusion (reproduced from Glover et al?! with permission).

minute infused until peak hyperemia was reached)
caused LCx flow to increase approximately 3-fold
from rest, whereas flow in the stenotic LAD did not
significantly change (Figure 6). Adenosine caused a
significant drop in mean systemic BP (Figure 6).
Binodenoson (0.6 pg/kg/minute for 10 minutes) caused
LCx flow to increase 5-fold from rest, whereas flow in
the stenotic LAD did not significantly change com-
pared to rest with no associated hypotension
(Figure 6).

ATL-146e (Apadenoson) was administered as a
continuous (0.05, 0.1, 0.2, 0.3, and 0.4 pg/kg/minute
infused over 10 minutes compared to 250 pg/kg/minute
of adenosine for 3 minutes) or bolus (0.25, 0.5, 1.0, and
1.5 pg/kg compared to 60, 250, 500, and 750 ng/kg of
adenosine boluses) infusions to normal dogs and to
dogs with critical LAD stenosis."” The 1.5 pg/kg dose
of ATL-146e caused an increase of CBF from 35.3 mL/
minute at baseline to 142.3 mL/minute."” The 1.0 pg/
kg dose of ATL-146e produced a larger increase in
CBF than did the 500 pg/kg dose of adenosine.'> ATL-
146e bolus doses >0.5 pg/kg produced approximately
equal or greater increases in CBF as the adenosine
infusion (250 pg/kg/minute for 3 minutes) but without
provoking significant hypotension (Figure 7)."°> After a
bolus apadenoson injection, CBF reached its peak in
2.3 minutes and remained elevated for several minutes
and returned to baseline within 20 minutes (Figure 7).15
In dogs with critical LAD stenosis, LAD CBF remained
unchanged while normal zone LCx flow increased
~4-fold after the ATL-146e bolus resulting in a 4:1
flow disparity between the stenotic LAD and normal
LCx zones."”
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Figure 6. A Coronary blood flow at rest and after adenosine
(250 pg/kg/min) and binodenoson 0.6 pg/kg/minute infusions
in normal LCx and critically stenosed LAD by snare ligation.
B The effects of adenosine and binodenoson on mean BP
(modified from Glover et al*").

Hemodynamic Effects

IV regadenoson (0.1-2.5 pg/kg) in conscious dogs
caused a smaller decrease in total peripheral resistance
and a smaller increase in the lower body flow compared
to IV adenosine (10-250 pg/kg).'”” Adenosine caused
a dose-dependent renal vasoconstriction with a 683% +
197% increase in renal vascular resistance and an
85% + 4% decrease in renal blood flow with the
maximal adenosine dose while the maximal regadeno-
son dose did not significantly affect the renal vascular
resistance and caused a minimal decrease in renal blood
flow (—11% = 4%).19 Adenosine and regadenoson
caused comparable dose-dependent mesenteric vasodi-
lation.'” The maximal regadenoson and adenosine doses
caused similar increases in the cardiac outputs.'® The
average peak CBF velocity increased by 3.3-fold,
whereas the peak peripheral flow velocity increased by
1.1-fold after administration of 1 pg/kg of IV regade-
noson to anesthetized closed chest dogs.'” IV adenosine
doses of 134 and 267 pg/kg in conscious dogs increased
LV systolic pressure by 12% and 18%, respectively,
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Figure 7. A CBF responses after 3-minute IV adenosine and
1.0 pg/kg IV bolus of binodenoson in the same dog. B Mean
arterial BP responses in the same dog. C Time course of CBF
after 1.0 pg/kg IV bolus of binodenoson (modified from
Glover et al?h).

with no changes with regadenoson (0.1-5 pg/kg).'® The
LV dP/dt increased by 29% with adenosine and by
39% with regadenoson.'® The mean BP decreased by
13 mm Hg with regadenoson and by 18 mm Hg with
adenosine.'® Regadenoson caused a lower decrease in
the systemic vascular resistance compared to adenosine
(—=20% vs —45%), while both adenosine and regadeno-
son caused a 45% decrease in the mesenteric vascular
resistance.'®

Regadenoson caused a higher and a more prolonged
increase in HR compared to adenosine.'® Regadenoson
(0.3-50 pg/kg) caused a dose-dependent increase in HR
and a decrease in mean BP at the higher doses in rats.*>
The BP decrease and the HR increase caused by
regadenoson were attenuated after pretreatment with
an A2A receptor antagonist whereas pretreatment with
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metoprolol (1 mg/kg) attenuated the HR increase with
no effect on the hypotensive response.”” A ganglionic
blocker prevented the tachycardia-mediated effect of
regadenoson whereas the mean BP was further reduced.
The plasma norepinephrine levels increased by 2-fold
after 10 pg/kg of IV regadenoson.”” Regadenoson (5
and 10 pg/kg) did not cause a significant change in HR
after administration of propranolol in dogs.*® This
dissociation of HR and BP responses suggests that
regadenoson baroreflex-mediated tachycardia maybe
more due to a direct stimulation of the sympathetic
nervous system via activation of A2A adenosine
receptors rather than an entirely baroreflex-mediated
response.”

Binodenoson (0.1-3 pg/kg/minute infused for 10
minutes) was compared to an infusion of adenosine at
300 pg/kg/minute for 4 minutes in 5 dogs.?' Binodeno-
son did not produce significant systemic hypotension
(Figure 8).2' The highest dose of binodenoson decreased
the mean BP from 104 + 6 to 88 = 13 mm Hg which
was not statistically significant.”' Similar to adenosine,
there was a reflex rise in HR with binodenoson.
There was a trend toward a dose-related increase in
LV dP/dt.”!

In dogs, mean BP fell significantly at the higher
doses of ATL-146e (13-18 mm Hg) but was markedly
less than that produced by all of the adenosine doses
(~50 mm Hg).15 The decrease in mean BP was tran-
sient and lasted 1.5-6 minutes after injection. ATL-146e
produced small but statistically significant increases in
heart rate and dP/dt at several doses, whereas adenosine
produced either no change or a decrease in heart rate at
the higher doses."”

EFFECTS OF OTHER DRUGS

Pretreatment with 20 mg/kg of aminophylline abol-
ished the peak CBF and hemodynamic effects caused by
1 pg/kg of regadenoson and attenuated the effects of the
2.5 pg/kg dose in conscious dogs.'® The effects of
different doses of caffeine on 5 pg/kg of IV regadenoson
were studied in 16 conscious dogs. Caffeine at 1, 2, 4,
and 10 mg/kg did not significantly affect the 2-fold
increase in CBF but decreased the duration of hyperemia
by 17% + 4%, 48% + 8%, 62% + 5%, and 82% + 5%,
respectively.”* Caffeine at 4 and 10 mg/kg significantly
attenuated regadenoson’s effects on BP and HR.**

CLINICAL STUDIES

Coronary Vasodilation

Rapid IV bolus of regadenoson (10-500 pg)
increased coronary peak blood flow velocity (measured
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Figure 8. HR and BP responses to an infusion of adenosine at 300 pg/kg/minute for 4 minutes and
various binodenoson (0.1 to 3 pg/kg/minute infused for 10 minutes) doses in dogs (from Glover
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Figure 9. Dose-dependent increase of peak coronary flow
velocity with 10-500 pg of regadenoson. Also shown is peak
flow velocity after intracoronary administration of 18 pg of
adenosine''.

by a Doppler flow wire) by up to 3.1-fold in a dose-
dependent manner (Figure 9)."' The mean time to
>85% of maximum peak flow velocity was 33 seconds
(range of 20-40 seconds) and was independent of
regadenoson dose.'' The peak flow velocity was reached
within 0.5-2.3 minutes with the 400 pg dose.'' The
mean duration of >2.5-fold increase of peak flow
velocity was 2.3 and 2.4 minutes for the 400 and
500 pg regadenoson doses, respectively (Figure 10A)."!

Different doses of 3-minute IV infusions (0.3, 0.5,
or 1.0 pg/kg/min) and bolus injections (1.5 or 3.0 pg/kg)
of binodenoson were studied in patients who underwent
diagnostic cardiac catheterization using a flow wire and
were compared to hyperemia induced by intracoronary
adenosine administration (Figure 11).* The 1.5 and

3 ng/kg doses whether infused over 3 minutes or
injected as boluses produced coronary hyperemia equiv-
alent to that achieved by adenosine whereas the
hyperemia of the 0.3 pg/kg/minute dose was less.”
The hyperemic responses occurred within seconds of
administration. The 1.5 pg/kg dose produced near-max-
imal hyperemia by 4.5 = 3.7 minutes that was sustained
for 7.4 + 6.9 minutes, whereas the 3 pg/kg dose pro-
duced near-maximal hyperemia by 6.0 + 3.8 minutes
that was sustained for 12.3 + 9.6 minutes. The higher
dose also resulted in higher HR, rate-pressure product
and more subjective side effects. Thus the 1.5 pg/kg
dose was selected as the pharmacological stress agent to
be used with MPL*>

In one study of human subjects that has been
published in abstract form, the effects of IV bolus doses
of apadenoson (0.5, 1.0, 2.0, and 2.5 pg/kg) on CBF
(measured by a flow wire) and hemodynamics were
compared to a 140 pg/kg/minute adenosine infusion
over 6 minutes.”® All apadenoson doses produced
hyperemia within 1 minute.”® The mean CBF velocity
remained >2 x baseline values for 3, 6, 7, and 8 minutes
for the 0.5, 1.0, 2.0, and 2.5 pg/kg doses, respectively
(Figure 12).*° The 1 pg/kg apadenoson bolus dose
produced a CFR response that was similar in extent
and duration compared to an adenosine infusion.”®

Hemodynamic Effects

Rapid I'V bolus of regadenoson (10-500 pig) caused a
dose-dependent increase in HR and no dose-dependent
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Figure 10. A Time dependence of 400 and 500 pg of regadenoson on average peak coronary flow
velocity. B Effects of 400 pg of regadenoson on peak coronary flow velocity and heart rate before
and after administration of 100 mg of IV aminophylline (modified from Lieu et al'").

drop in BP. The 400 ng regadenoson dose increased the
HR by 21 + 21 beats/minute, decreased the systolic BP by
24 + 15 mm and the diastolic BP by 12 + 10 mm Hg.11
The maximal BP changes occurred within 5 minutes of
regadenoson administration and returned to near baseline
within 15 minutes.!' In the phase II and III trials, IV
regadenoson boluses (400 and 500 pg) decreased the
systolic and diastolic BP and increased the HR (Fig-
ure 13).?”?® In the larger phase III trial, regadenoson
caused a greater increase in peak HR compared to
adenosine though the BP nadir was similar.”® The peak
HR was reached within 2 minutes and returned to near-
baseline within 30-40 minutes of regadenoson adminis-
tration.”® In the 400 pg regadenoson group from the phase
II trial, 5% of subjects had > 25 mm Hg decrease in SBP
and none had a drop in systolic BP to <90 mm Hg.?” The
nadir systolic BP occurred at 3 minutes after regadenoson

administration.”’ In one study, patients with DM, partic-
ularly those on insulin therapy, had blunting of the
adenosine- and regadenoson-mediated increases in HR.>
A blunting in the HR response to adenosine and regad-
enoson was also seen in patients with the metabolic
syndrome.®® An increase in the number of features of the
metabolic syndrome was associated with a stepwise
decrease in the HR response (—0.92% per metabolic
syndrome criterion, P < .05), irrespective of the presence
of DM. Increasing blood sugar levels caused blunting of
the HR response even after controlling for DM and the
metabolic syndrome (0.60% + 0.08% per 10 mg/dL,
P < .001). The metabolic syndrome was independently
related to the HR response on top of DM, renal function,
left ventricular function, gender, age, baseline HR, BP,
and beta-blocker use.”” In summary, regadenoson causes
a faster and greater increase in HR and a comparable
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Figure 11. A Mean CBF velocity (CBFV) responses as % of
adenosine CBFV for 5 binodenoson doses compared to
intracoronary adenosine. B The time course effects of bino-
denoson 1.5 pg/kg IV bolus on CBF velocity, BP and coronary
vascular resistance (modified from Glover et al?!).

decrease in BP compared to adenosine.”® The recovery of

HR and BP was slower with regadenoson compared to
adenosine.”®
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Binodenoson caused dose-dependent changes in BP
and HR.” The 1.5 pg/kg dose caused an increase in HR
from 75 = 14 to 97 = 15 bpm, and a decrease in SBP and
DBP from 133 + 23 to 103 £ 20 mm Hg and 72 + 8 to
55 + 10 mm Hg, respectively.”” The 3.0 pg/kg dose
caused an increase in HR from 75+ 15 to 108 =
11 bpm, and a decrease in SBP and DBP from 126 + 21
to 103 = 17 mm Hg and 74 = 11 to 59 + 10 mm Hg,
respectively.”” The BP and HR returned to baseline levels
within 15 minutes.”” In the initial multicenter trial of
binodenoson vs adenosine, there were no significant
differences between the 1.5 pg/kg binodenoson dose and
adenosine in SBP and DBP drops compared to adenosine
(Table 4).*" However, the 1.5 pg/kg binodenoson dose
caused a higher increase in HR compared to adenosine.>!

Apadenoson caused a dose-dependent decrease in
BP and increase in HR. The respective SBP and HR
changed by —8.6% + 11.6% and 21.9% + 15.5% with
the 1.0 pg/kg dose and by —14 + 10.6% and 29.9 +
18.5% with the 2.0 pg/kg dose.”®

EFFECT OF OTHER DRUGS

Administration of 100 mg of IV aminophylline
1 minute after the 400 pg regadenoson bolus reduced
the duration of >2-fold increase in peak flow velocity
from 6.9 to 0.6 minutes with no effect on the HR
increase (Figure lOB).11 In a double-blind, randomized,
placebo controlled crossover study, 20 subjects received
caffeine/placebo and 21 subjects received placebo/caf-
feine (200 mg capsules) during 'O H,O positron
emission tomography (PET).*> MBF was measured
2 hours after receiving caffeine or placebo capsules at

80
60
40
20 A
0- T T T
0.5 1 2 2.5

Apadenoson (Hg/kg)

Figure 12. A CBF velocity reserve of various apadenoson doses in human subjects studied by a
flow wire. B Percentage of CBF velocity reserve of various apadenoson doses to adenosine (from

Kern et al*®).
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and diastolic blood pressure (DBP) in the phase II and III
regadenoson trials®”%.

rest and after administration of a 400 pg IV bolus of
regadenoson.*® The regadenoson-mediated CFR was not
significantly different after caffeine (2.75 = 0.16) or
placebo (2.97 = 0.16) although caffeine blunted the
regadenoson-mediated HR increase and did not have an
effect on the BP.*

STRESS MPI

In the phase II multicenter trial, 36 patients with
ischemia on adenosine (140 pg/kg/minute infusion over
6 minutes) 99m-Tc sestamibi SPECT had regadenoson
(400 or 500 pg IV bolus) 99m-Tc sestamibi SPECT
within 2-46 days from the adenosine study.”’ The
agreement rates of the 400 and 500 pg regadenoson
doses for the visual presence of ischemia were 89% and
76%, respectively, compared with adenosine SPECT.>’
The agreement rates between adenosine and regadeno-
son were 57% for the visual analysis and 69% for the
quantitative analysis.”” The 400 pg regadenoson dose
was subsequently adopted as the dose used in the phase
III trial.

The phase III (ADVANCE MPI 2 Trial), multicen-
ter, international, double-blinded trial studied 784
patients who underwent an initial qualifying adenosine
SPECT study followed by a 2:1 randomization to
regadenoson (400 pg rapid IV bolus) or adenosine
(140 pg/kg/minute infusion over 6 minutes) SPECT.?
The average agreement rate was 0.64 = 0.04 for the
adenosine-adenosine SPECT images and 0.63 + 0.03 for
the regadenoson-adenosine SPECT images which were
above the pre-specified non-inferiority margin.”® The
agreement rates for adenosine-regadenoson and adeno-
sine-adenosine groups were >90% by quantitative
analysis.”® The image quality was good or excellent in
88% of regadenoson studies and in 90% of adenosine
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of left ventricle) for adenosine and regadenoson in the
ADVANCE MPI 2 Trial®,

studies.”® Quantitative analysis from the ADVANCE
MPI 2 Trial showed no differences between total and
ischemic perfusion defect extent and severity between
regadenoson and adenosine SPECT images (Fig-
ure 14).** Linear regression analysis showed excellent
correlation between adenosine and regadenoson for
ischemic (r = 0.95, P <.001) and total (r = 0.97,
P < .001) perfusion SPECT defects.*® The agreement
rates of adenosine and regadenoson images were similar
within age, gender, BMI, and DM subgroups.34 The
image quality was similar within the subgroups for
adenosine and regadenoson except for men who had a
better image quality compared to women.>*

In a multicenter, randomized, single-blind, 2-arm
crossover trial, 240 patients underwent 2 SPECT studies
in random order, one after stress with adenosine and one
with binodenoson, using IV boluses of 0.5, 1, or 1.5 pg/
kg over 30 seconds or a 0.5 pg/kg/minute infusion over
3 minutes.’' Exact categorical agreement in the severity
and extent of ischemic defects between the different
binodenoson doses and adenosine ranged from 79% to
87% with kappa values from 0.69 to 0.85.%" All doses
showed good general correlation though the 1.5 pg/kg
dose showed the closest correlation.’' The results of the
phase IIT VISION 302 trial of Binodenoson have been
published in abstract form. The study involved 2 double-
blind, double-dummy MPI procedures in random order
within 7 days. One was with a 1.5 pg/kg binodenoson
bolus along with a 6-minute placebo infusion and one
with a placebo bolus along with 140 pg/kg/minute of
adenosine infused over 6 minutes. The study included
402 patients in the binodenoson arm and 404 patients in
the adenosine arm. The mean paired summed difference
scores (SDS) of binodenoson vs adenosine images was
—0.09 (CI —0.44 to 0.27) was well within the pre-
specified 1.5 SDS units for noninferiority. The concor-
dance between the 2 stressors was 61% and complete
discordance was 3%.
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Table 4. Side effects of binodenoson (1.5 nug/kg) and adenosine®!

Adenosine Binodenoson
N = 226 (%) N = 55 (%) P value
Side effects
Chest pain 138 (61) 24 (45)
Flushing 128 (57) 18 (34)
Dyspnea 130 (58) 22 (42)
Any subjective side effect 207 (92) 38 (72) <.021
Intensity of side effect 8.8 5.0 <.01
AV block 7 (3) 0 (0)
Bronchospasm 0o 0
Hypotension 0o 0o
HR > 125 bpm 1 (0.4) 2 (4)
Any objective side effect 8 (4) 2 (4)
SBP change —-22.3+ 159 —-220+17.2
DBP change —-139+9.2 —-122+7.0
HR change 23.1+11.8 309+ 13.0 <.05

SAFETY AND ADVERSE EFFECTS

In the phase II trial of regadenoson, 72% of subjects
had mild and self-limiting side effects that resolved
spontaneously within 10 minutes.”” The 400 pg group
had a lower rate of side effects (61% vs 83% in the
500 pg group) and less pronounced hemodynamic
changes (Figure 13).”” No subject had bronchospasm,
second or third degree AV block, myocardial infarction
or death.”” In the phase III trial, regadenoson was better
tolerated than adenosine and the summed symptom
score (chest pain, flushing and dyspnea) was signifi-
cantly lower after regadenoson compared to
adenosine.”® The various side effects observed in the
phase III trial are summarized in Table 5. Abdominal
pain with or without nausea or vomiting, diarrhea, fecal
incontinence, myalgias, musculoskeletal pain, tremor,
and hypersensitivity have been reported in the post-
marketing experience. Transient QTc prolongation has
also been reported shortly after Lexiscan administration
though without any clinical significance.

The frequency of side effects was lower with
binodenoson compared to adenosine in the initial mul-
ticenter trial (Table 4).>' The severity of the symptoms
as assessed by visual analog scores for the intensity of
subjective adverse events was less with binodenoson.”’
There were no AV blocks or hypotension with binode-
noson. There were no significant differences in systolic
and diastolic BP drops between the different binodeno-
son doses and adenosine.’’ In the phase III trial, the
incidence of second or third degree AV block was 0%
for binodenoson and 3% for adenosine (P = .004).
Compared to adenosine, binodenoson had lower fre-
quencies of flushing (50% vs 32%; P < .05), chest pain

(61% vs 38%; P < .05), and dyspnea (51% vs 42%;
P < .05). Patient-rated intensities of these events were
significantly lower during binodenoson than adenosine
and more patients preferred binodenoson over adeno-
sine. Changes in BP were comparable between the two
stressors though maximal changes in HR were higher
with binodenoson compared to adenosine (25.3 vs
22.5 bpm, P < .001).

Despite the selectivity for the A2A receptor, side
effects still occurred albeit they were briefer and less
severe though the more serious side effects such as
significant hypotension, AV blocks, and bronchospasm
were not observed. The reason for the persistence of side
effects could be that the doses of regadenoson used in
clinical studies might be causing regadenoson to be less
selective for the A2A receptor.’ The Integrated
ADVANCE MPI Trial assessed the effects of age,
gender, obesity, and DM on the safety of regadenoson
and adenosine MPI.** Regadenoson was associated with
a lower incidence of chest pain, flushing, and throat,
neck, or jaw pain, a higher incidence of headache and
gastrointestinal discomfort and a lower combined symp-
tom score in nearly all subgroups.** Women felt less
comfortable than men with both stress agents.”*

STRESS MPI IN SPECIAL PATIENT
POPULATIONS

Patients with Lung Disorders

Patients with asthma or chronic obstructive pul-
monary disease (COPD) are at an increased risk of
adenosine-induced bronchospasm via activation of the
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Table 5. Side effects of adenosine and regadenoson in the phase III trial*®

Adenosine Regadenoson
N = 267 (%) N =517 (%) P value

Side effects

Chest pain 34 (13) 41 (8) .04

Chest discomfort 42 (16) 57 (11) .07

Angina pectoris 22 (8) 40 (8) .78

Flushing 63 (24) 86 (17) .02

Dyspnea 49 (18) 128 (25) .05

Nausea 12 (4) 29 (6) .61

Abdominal discomfort 5 (2) 32 (6) <.01

Headache 42 (16) 148 (29) <.001

Dizziness 9 (3) 35 (7) .05

Feeling hot 17 (6) 19 (4) 1

Any severe side effect 18 (7) 25 (5) .32

Any side effect 210 (79) 409 (79) 93
Objective scores

Summed symptom score 1.1 £ 0.08 0.9 + 0.05 .013

Tolerability score 2.6 £ 0.06 2.3 £0.05 <.001
Other side effects 73 (15)

Second degree AV block 3(1.1) 0 (0) .043

ST-T changes 42 (17) 80 (17) NS
Major events

Death 0 (0) 0 (0) NS

MI 0 (0) 0 (0) NS

Bronchospasm 0 (0) 0 (0) NS

A2B and A3 adenosine receptors.”> The safety of
regadenoson was studied in a randomized, double-blind,
placebo-controlled crossover trial that enrolled 48
patients with mild to moderate asthma and a positive
adenosine monophosphate challenge test.>> Patients
were randomized to regadenoson/placebo or placebo/
regadenoson in a 1:1 ratio where each patient received
400 pg of regadenoson and a matching placebo on 2
separate treatment days separated by a 1 to 14 days
washout period.*> All patients abstained from the use of
bronchodilators for at least 6 hours prior to the study.
There was no significant difference in the mean forced
expiratory volume in 1 second (FEV1) at any time point
between regadenoson and placebo (Figure 15A).>° The
mean ratio of the (FEV1) at each tested time point
relative to the baseline FEV1 was significantly higher
after treatment with regadenoson compared with placebo
from 10 to 60 minutes after treatment (Figure 15B).*
Bronchoconstrictive reactions (>15% reduction of
FEV1 within 2 hours compared to baseline) occurred
in the moderate asthma group and were similar in the
regadenoson and placebo groups (4.3% vs 4.2%,
P = NS), were clinically silent and did not require any
therapy.” Dyspnea occurred in 34% of patients after

regadenoson and in none of the patients after placebo.
The occurrence of dyspnea was not associated with a
decrease in FEV1 (Figure 15C) and none of the patients
in either groups had <92% oxygen desaturation.™

In another randomized, double-blind, placebo-con-
trolled crossover trial, the safety of regadenoson was
evaluated in 49 patients with moderate to severe chronic
obstructive pulmonary disease (COPD).*® Short-acting
bronchodilators were withheld for at least 8 hours before
treatment. There were no differences between regade-
noson and placebo on repeated (measured at pre-
specified time intervals up to 2 hours post-regadenoson
or placebo administration) follow up FEV1, forced vital
capacity, respiratory rate, pulmonary examinations, and
oxygen saturation (Figure 15D, E).*® The mean maxi-
mum decline in FEVI was 0.11 £0.02L and
0.12 £ 0.02 L (P = .55) in the regadenoson and placebo
groups, respectively.’® New-onset wheezing was noted
in 6% and 12% of the regadenoson and placebo groups,
respectively (P = .33).>® Bronchoconstricitve reactions
were clinically silent and occurred in 12.2% and 6.1% of
the regadenoson and placebo groups, respectively
(P = .31). Dyspnea was reported in 61% of patients in
the regadenoson group and in 0% of patients in the
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placebo group and was not related to decline in FEV1 or
other objective findings. No patient required treatment
with bronchodilators or oxygen.*®

In a dose-escalating, single-blinded phase and a
placebo-controlled, double-blinded phase study, binode-
noson was administered to 87 adults with documented
mild, intermittent, asthma.>’ In the single-blinded phase,
3 sequential cohorts of 8 subjects received intravenous
binodenoson (0.5, 1.0, and 1.5 pg/kg). In the double-
blinded phase, the subjects were randomly assigned to
either binodenoson 1.5 pg/kg (n =41) or placebo
(n = 22).37 The most common adverse events were
tachycardia, dizziness, and flushing. Binodenoson was
well tolerated and caused no clinically significant
bronchoconstriction defined as decrease in FEV1 of
>20% from baseline or significant changes in the
pulmonary function parameters (FEV1, forced vital
capacity, pulse oximetry, and forced expiratory flow
during the middle 50% of the forced vital capacity).”’

Patients with Renal Disease

The safety of regadenoson that is renally excreted was
studied in 277 consecutive patients with end stage renal
disease (ESRD) who underwent regadenoson SPECT for
clinical indications and were compared to a cohort of 134
patients with normal renal function.’® The patients with
ESRD were younger than the controls. The ESRD patients
had similar rates of abnormal myocardial perfusion imag-
ing (19% vs 18% compared to controls, P = NS) and lower
left ventricular ejection fractions (57% = 12% vs 64% +
12% compared to controls, P < .001). The changes in HR
and systolic BP from peak stress to baseline were 20 + 12
beats/minute vs 22 + 13 beats/minute and —11 +
24 mm Hg vs —12 + 23 mm Hg in the ESRD and control
groups, respectively (P = NS for both). Side effects were
reported in very few patients in either group during the
stress test and no patient had serious adverse events in
either group.”® Thus, regadenoson was well tolerated in
patients with ESRD.
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Patients with Liver Disease

In one study, 168 consecutive patients with end stage
liver disease (ESLD) who underwent regadenoson MPI
were compared to a control group of 168 patients from the
same time period with no liver disease and with comparable
MPI results.*® Patients with ESLD were younger (58 * 7 vs
62 + 12 years, P = .0002).>* The MPI images were nor-
mal in 96% of patients in each group.”” The LVEF was
higher in the ESLD group compared to the control group
(72% + 10% vs 66% + 11%, P = .0001). Compared to
the control group, the ESLD group had a lower increase in
the HR in response to regadenoson (16 + 11 vs 23 +
16 bpm, P = .0001), but similar changes in SBP (-9 + 12
vs —11 + 14 mm Hg) and DBP (—6+8 vs —7 =
10 mm Hg) and similar incidence of regadenoson side
effects.”® There were no deaths or medication-related
adverse events that required hospitalization in either group
within 30 days index study.””

Regadenoson in Combination with Exercise
MPI

Regadenoson with low level exercise in patients
undergoing MPI was evaluated in a randomized, double-
blind, placebo, and active controlled study.40 Patients
who underwent standard adenosine MPI for clinical
indications were randomized in a 2:1 manner to low-
level exercise with bolus intravenous injection of reg-
adenoson (n = 39) or placebo (n = 21).% Adverse
events occurred in 95%, 77%, and 33% of patients
receiving adenosine alone, regadenoson with exercise,
and placebo with exercise, respectively. Peak HR was
13 bpm greater following regadenoson with exercise
compared to placebo exercise (P = .006).*° Change in
mean SBP from baseline, change from baseline to nadir
SBP, and percentage of patients with a decline in SBP
by >20 mm Hg were not significantly different between
regadenoson with exercise and placebo with exercise.*’
The mean heart-to-liver and heart-to-gut ratios were
improved with regadenoson with exercise compared to
adenosine alone.** Compared to adenosine, 70% of
patients felt that regadenoson with exercise was better
based on a tolerability questionnaire.*” One drawback of
this study is that there was no regadenoson only arm for
comparison.

In another study, 1,263 patients underwent regad-
enoson stress MPI (596 with low-level exercise).41
Regadenoson with exercise compared to regadenoson
alone was associated with significantly lower rates of
shortness of breath (23% vs 32%), dizziness (12% vs
19%), palpitations (6.7% vs 37%), and nausea (1.2% vs
3.3%).*" Chest pain (33% vs 37%), headache (0.7% vs
2.1%), and transient AV blocks (0.34% vs 0.15%) were
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not significantly different between the regadenoson with
exercise and the regadenoson alone groups, respec-
tively.*! The regadenoson with exercise group compared
to the regadenoson alone group had significantly more
frequent drop in SBP by >10 mm Hg (56% vs 47%) and
>30 mm Hg (12% vs 7%) and a higher peak HR
(104 £ 19 vs 91 £ 17 bpm).4] One drawback of the
study is that the same patients were not compared with
and without exercise.

SUMMARY

Regadenoson was FDA approved in April 2008. Its
use as a stressor is gaining more acceptance and
adoption instead of adenosine or dipyridamole given
its ease of administration and better tolerability. The
other A2A receptor agonists are still in various stages of
development. Despite their selectivity to the A2A
receptor, side effects related to activation of the other
adenosine receptors continue to occur albeit at a lower
frequency and with less severity and duration compared
to the selective adenosine agonists. The search for the
ideal selective adenosine agonist is not over yet.
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