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Regadenoson in Normal Persons

Anna Dons-Jensen? Line Petersen? Hans-Erik Bgtker® Toke Bek?

aDepartment of Ophthalmology, Aarhus University Hospital, Aarhus, Denmark;
bDepartment of Cardiology, Aarhus University Hospital, Aarhus, Denmark

What Is It about?

. The neurotransmitter adenosine can dilate retinal arterioles in vitro mediated by Ay,
receptors, but it is unknown whether this effect can be elicited in vivo. The present study
showed that intravenous administration of the adenosine A, receptor agonist regadenoson in
normal persons reduced dilatation of retinal vessels induced by flickering light (p = 0.0006),
but otherwise had no significant effect on the diameter of retinal arterioles. The finding may be
related to the route of administration of regadenoson, and future studies should investigate
differential effects of intra- and extravascular administration of adenosine receptor agonists on
retinal vessels.
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Abstract

Background: The neurotransmitter adenosine has been proposed to be involved in the
pathogenesis of diabetic retinopathy, which may be due to the vasoactive properties of the
compound. Previous studies have shown that adenosine can affect the tone of retinal arteri-
oles in vitro to induce dilatation mediated by A,, and A,z receptors and constriction medi-
ated by A; and A; receptors. Purpose: To investigate effects of intravenous administration of
the adenosine A, receptor agonist regadenoson on the diameter of retinal vessels in vivo.
Method: The diameter responses of larger retinal arterioles and venules were evaluated using
the dynamic vessel analyser in 20 normal persons (age 22-31 years) after intravenous admin-
istration of the adenosine A, receptor agonist regadenoson during exposure to systemic
normoxia and hypoxia. Results: The diameter of retinal arterioles and venules increased sig-
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nificantly during stimulation with flickering light (p < 0.0001). Regadenoson reduced the flick-
er-induced dilatation of venules during normoxia (p = 0.0006), but otherwise had no effect
on vessel diameters (p > 0.08 for all comparisons). Conclusions: Intravenous administration
of the adenosine A, receptor agonist regadenoson had no significant effect on the diameter
of retinal arterioles. Future studies should investigate differential effects of intra- and extra-
vascular administration of adenosine receptor agonists on retinal vessels.

© 2019 The Author(s)
Published by S. Karger AG, Basel

Introduction

The purinergic compound adenosine plays important roles in human metabolism by its
integration in the nucleic acids of the genome [1], as a constituent of the energy transporter
adenosine triphosphate [2], and as an element in the inflammatory response leading to vaso-
dilatation [3]. The metabolism of adenosine is changed in diabetes, and the compound has
been proposed to be involved in the pathogenesis of diabetic retinopathy [4], either as a cause
of vascular pathology or as a consequence of disturbed retinal vascular function in the disease
[5].

Previous in vitro studies have shown that adenosine has dual effects on retinal vascular
tone with relaxation mediated by adenosine A; receptors [6] and contraction mediated by
adenosine A; receptors in the perivascular retina and adenosine A3 receptors in the retinal
vascular walls [5]. Therefore, it is possible that findings of both hyper- and hypoperfusion in
retinal vascular disease could be due to dual effects of adenosine acting on different receptor
types. A study in normal humans has shown that intravenous infusion of adenosine increases
blood flow in the choroid and the optic nerve head in vivo [ 7], suggesting a predominant effect
mediated by A, receptors. However, interventional studies using adenosine are limited by the
short half-life of the compound within seconds and adverse effects such as dizziness and chest
discomfort [8]. The approval of the specific adenosine Ay, receptor agonist regadenoson as a
pharmacological stress agent with a half-life within minutes has enabled interventions on this
specific adenosine receptor type [9]. Therefore, the goal of the present study was to inves-
tigate the effects of intravenous infusion of regadenoson on the diameter of larger retinal
vessels.

Consequently, diameter changes of retinal vessels in normal persons were studied using
the dynamic vessel analyser (DVA) after administration of regadenoson before and during
stimulation with flickering light and before and during systemic hypoxia.

Materials and Methods

Study Design
This was an open prospective interventional study on 20 normal persons.

Test Persons

Twenty-two normal persons (11 males and 11 females) aged 24.7 + 1.97, 22-31 years
(mean £SD,range), were enrolled from February 2017 toJuly 2017 after publicannouncement.

Exclusion criteria were: cardiovascular disease including arterial hypertension defined
as systolic blood pressure >135 mm Hg and diastolic blood pressure >85 mm Hg (Danish
Cardiologic Society 2017), known pulmonary disease, epilepsy, ocular disease, pregnancy or
lactation, daily medication except for contraceptives, and allergy to constituents in the drug
usedinthe experiment. Participation required anormal electrocardiogram (Kohden Cardiofax
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Table 1. Baseline characteristics

. Age, years 24.6x2.01
(S)g;he studied persons (mean * MAP, mm Hg 86.0£9.70
Sat0,, % 99.7+0.70
BCVA (ETDRS letters) 93.2+7.14/94.7+£3.29?
[IOP, mm Hg 14.8+3.70/15.2+3.782
CRT, um -/263.2+19.712

MAP, mean arterial blood pressure; BCVA, best corrected visual
acuity; ETDRS, early treatment for diabetic retinopathy study; IOP,
intraocular pressure; CRT, central retinal thickness. ? Right eye/left
(study) eye.

M; Nihon Kohden Corporation, Tokyo, Japan) and blood pressure (Omron 705IT; Omron
Healthcare, Kyoto, Japan).

Among the 22 studied persons, 1 was excluded due to discomfort unrelated to the study
procedure or medication, and one due to lack of achievement of hypoxia on the last exami-
nation day because of challenges with positioning of the mouthpiece.

Each test person was examined on 2 days separated by atleast 24 h, mean 6.1 days, range
1-43 days. The test persons were instructed to avoid consumption of caffeine 24 h before the
examinations.

First Examination Day

Clinical Examination

A routine ophthalmological evaluation was performed with measurement of best
corrected visual acuity (BCVA) using Early Treatment for Diabetic Retinopathy Study (ETDRS)
charts, measurement of the intraocular pressure (IOP) (Nidek Tonoref II, Japan), and
inspection of the eye in a slit lamp. The pupil of the left eye was dilated using phenylephrine
(Metaoxedrin 10%, SAD; Amgros [/S, Copenhagen, Denmark), and tropicamide (Mydriacyl
1%; Alcon NordicA/S, Copenhagen, Denmark). Optical coherence tomography (OCT) scanning
(Cirrus HD OCT; Carl Zeiss Meditec, Jena, Germany) was performed using the Macular Cube
protocol consisting of 512 vertical and 128 horizontal scans within a 6 x 6 mm area centred
on the fovea of the left eye. The central retinal thickness was noted as the average thickness
within the central circular area with a diameter of 1 mm. Finally, fundus photography was
performed (TRC-50DX; Topcon, Tokyo, Japan) with exposures centred respectively at the
optic disk and the fovea of the left eye. The baseline characteristics of the included test persons
are shown in Table 1.

Dynamic Vessel Analyser

The diameter of retinal vessels was measured using the DVA (Imedos Systems UG,
Jena, Germany). The apparatus consists of a fundus camera with a video unit connected to
a computer allowing the recording of video sequences of the retina during both constant
illumination and during stimulation of the retina with flickering light, here set to a
frequency of 12.5 Hz. The inbuilt software identifies the transition of contrast between the
vessel and the retinal background to calculate the diameter of the vessel 25 times per
second for every 10 um along the segment throughout the examination and displays the
diameters in arbitrary units approximately corresponding to micrometres at the retinal
plane. The software automatically realigns the image to compensate for saccadic eye
movements and interrupts the measurements when the vessel segments cannot be iden-
tified, i.e. during blinking.



Biomedicine Biomed Hub 2019;4:500563

DOI: 10.1159/000500563 © 2019 The Author(s). Published by S. Karger AG, Basel
. www.karger.com/bmh

Dons-Jensen et al.: Diameter of Retinal Vessels Unaffected by Regadenoson

Fig. 1. Single image from a DVA
recording with the vascular seg-
ments arteriole (A) and venule
(V) chosen for diameter measure-
ments marked with white lines.
The tip of the fixation bar (F) is
seen to the right.

Examination Procedure

The equipmentforelectrocardiography, pulse oximetry,and blood pressure measurement
was Philips IntelliVue X2 (Philips Medizin Systeme, Boeblingen, Germany). The ECT elec-
trodes were placed on the chest of the test person, and an intravenous cannula (BD Venflon™
Pro Safety, 22-gauge 0.9 x 25 mm; Becton Dickinson Infusion Therapy, Helsingborg, Sweden)
was positioned in an antecubital vein of the right arm for drug administration. Every 90 s
during the experiment, the blood pressure was measured using an oscillometric technique
with a cuff placed on the upper left arm, and systemic oxygen saturation was measured using
a pulse oximeter placed on the left index finger. Due to challenges with entering the super-
ficial veins, drug administration was performed in the left arm in 2 test persons with
measurement of blood pressure and oxygen saturation on the right arm.

The test person was positioned in front of the DVA camera and was instructed to fixate
the end of a bar inside the viewing system of the camera with the left eye. The retina was
displayed on the computer monitor, and the most linear segment without branches on the
upper or the lower temporal arteriole and its adjoining venule that was clearly separated
from other vessels and located between one half and three disk diameters from the optic disk
were selected (Fig. 1).

A DVA recording lasted 660 s (Fig. 2). The initial step lasted 270 s consisting of three
uninterrupted phases: 90 s of rest, followed by 90 s of flicker light stimulation and another
90 s of rest. Subsequently, the diameter measurements were interrupted for 120 s to allow
measurement of the IOP (Icare TAO1i or PRO; Vantaa, Finland) and administration of 5 mL
of the A;, adenosine receptor agonist regadenoson (Rapiscan; Dupharma A/S, Kastrup,
Denmark) in a concentration of 80 pg/mL followed by 10 mL of sodium chloride 9 mg/mL
in an antecubital vein. Regadenoson was administered after 320.3 + 20.1 s (mean * SD),
range 300-400 s, followed by another measurement of the IOP. Subsequently, the diameter
measurements were resumed with repetition of the initial step of 270 s, followed by a final
measurement of the IOP. The test persons were monitored by a specialist in cardiology or
an assistant cardiologic nurse during administration of regadenoson and the following
7 min.
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Fig. 2. The experimental protocol.

The diameter measurements from the proximal 200 pm of the vessel segments from the
last 45 s of each phase were sampled. Each DVA examination was saved to allow a later
re-analysis.

Second Examination Day

The test person started breathing a hypoxic gas mixture consisting of 12.5% oxygen and
87.5% nitrogen through a silicon mouthpiece connected to a two-way, non-rebreathable
valve (Hans Rudolph Inc, Shawnee, KS, USA) with a nose peg thatavoided mixing with ambient
air. After 10 min, the examination procedure from the first examination day was repeated
during continued breathing of the hypoxic gas mixture. The same vascular segments were
chosen for the diameter measurements on both examination days in each test person.

Power Calculation

The test-retest variation during diameter measurements with the DVA has previously
been estimated to be 0.06% (95% CI: -0.92 to 1.04) with a Pearson correlation of 0.99 (95%
CI: 0.98 to 0.99). This indicates that with a two-sided t test and a power of 70%, 17 persons
are required to detect a 2% change in vessel diameter. With the included 20 persons, the
study achieved a power of 82%.

Data Analysis

The diameter of the retinal vessels was calculated as the mean of the real-time recordings
measured during the last 45 s of each 90-s phase. Each DVA examination was replayed from
the stored recording with repetition of the manual selection of the vessel segments and the
sampling and calculation of diameters. The duplicate determinations of the diameter from
phase 1 deviated more than 1% in 37 of 80 (46.3%) diameter measurements. In these cases,
a third analysis was performed. For each diameter measurement, data from the two measure-
ments with the smallest deviation from each other were pooled and used for further analysis.

The mean arterial blood pressure (MAP) was calculated as MAP = (1/3 x BPsy) + (2/3 x
BPp;,), where BPgy was the systolic blood pressure and BPp;, the diastolic blood pressure.

The gain factor (GF) was calculated using the following formula: GF = 1 - ((TPintervention X
d4intervention)/(praseline x d4baseline) - 1)/((Tpintervention - praseline)/TPbaseline): where d is the
arterial resting diameter, TP the transmural pressure estimated as 2/3 x MAP - I0OP, and the
intervention is regadenoson administration, hypoxia, or a combination of these. When GF <1,
the change in blood pressure results in a diameter response, so that blood flow increases, and
when GF >1, these changes lead to a decrease in blood flow, whereas GF = 1 indicates that a
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Fig. 3. Diameters of retinal arterioles and venules during normoxia, at baseline and during flicker stimula-
tion, before and after administration of regadenoson. Asterisks indicate significant differences (p < 0.05).
Error bars indicate SEM.

change in blood pressure results in a change in the diameter so that the blood flow is kept
constant [10].

Statistical Analysis

Students’ paired ¢ test was used to test whether MAP and IOP changed significantly by
regadenoson administration, whether the systemicarterial oxygen saturation changed during
breathing of the hypoxic gas mixture, and whether systemic hypoxia changed the diameter of
the retinal vessels significantly.

One-sample t test was used to test if the GF differed significantly from 1. Repeated
measures one-way ANOVA was used to test for differences between the GF. Repeated
measures two-way ANOVA followed by multiple comparisons was used to test for differences
in the resting diameters and the diameter changes during hypoxia of retinal arterioles and
venules, with flicker stimulation as the one variable and regadenoson as the other variable.
The multiple comparisons were performed using Fisher’s least significant difference test.

Results

During breathing of the hypoxic gas mixture, the systemic arterial oxygen saturation
decreased significantly from (mean + SEM) 99.3+0.2t087.8+0.9% (p <0.0001) and increased
significantly after regadenoson administration during both normoxia from 99.3 + 0.2 to 99.6
+ 0.2% (p = 0.02) and during hypoxia from 87.8 + 0.9 to 93.6 + 0.5% (p < 0.0001). The IOP
showed no significant change during breathing of the hypoxic gas mixture (p = 0.06) but
increased significantly from 17.2 + 1.0 before to 22.9 + 1.1 mm Hg (p < 0.0001) after regad-
enoson administration. The MAP was not affected significantly by any of the interventions
(p > 0.05 for all comparisons).

Figure 3 shows that during normoxia the diameter of retinal arterioles and venules
increased significantly during stimulation with flickering light, both before and after regad-
enoson administration (p < 0.0001 for all comparisons). Regadenoson reduced the flicker-
induced dilatation of venules (p = 0.0006), but otherwise had no significant effect on vessel
diameters (p > 0.08 for all other comparisons).
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Fig. 4. Diameters of retinal arterioles and venules during hypoxia, at baseline and during flicker stimulation,
before and after administration of regadenoson. Asterisks indicate significant differences (p < 0.05). Error
bars indicate SEM.

Figure 4 shows diameters of retinal vessels during hypoxia. Hypoxia significantly
increased the diameter of retinal arterioles and venules at baseline (p < 0.0008 for both
comparisons). Flicker stimulation significantly increased the diameter of venules (p < 0.0001)
butnot ofarterioles (p =0.50). Regadenoson had no effect on the diameters atany of the inter-
ventions (p > 0.26 for all comparisons).

There was no significant difference (p = 0.6) between the GF during the interventions
which was (mean + SEM) 0.28 + 0.36 during regadenoson administration, 0.58 + 1.52 during
hypoxia, and -0.85 * 1.35 during the two interventions together. None of the GF values
deviated significantly from one or zero (p > 0.06 for all comparisons).

Discussion

The present interventional study using the adenosine A;, receptor agonist regadenoson
was performed on younger normal individuals, which ensured that diameter changes of
retinal arterioles would not be reduced by the increased stiffness of the vessels that occurs
with age [11]. It is a limitation that the diameter responses were obtained after short-term
interventions on oxygenation, metabolism, and adenosine receptors, which probably differ
from the long-term responses that might be active in normal and pathological diameter
responses of retinal vessels in vivo. The rate of degradation of regadenoson implied that the
plasma concentration had declined significantly already 1-4 min after intravenous adminis-
tration of the compound [9]. Accordingly, measurements of the vessel diameter had to be
performed rapidly after the administration of the compound, as is required for the diagnostic
use of regadenoson in cardiology [12]. However, it was unnecessary to use continuous
infusion of the compound that is pertinent for the study of vasoactive effects of adenosine
which is degraded within seconds [8].

Stimulation of the retina with flickering light increases metabolism and leads to hypoxia
in the retinal tissue [13], whereas hypoxia induced by breathing of a hypoxic gas mixture and
administration of regadenoson also affects the systemic vascular system that supplies the
retina. These effects may include changes in systemic oxygen saturation and 10P, as observed
in the present study. The diameter response of retinal arterioles during hypoxic breathing



Biomedicine Biomed Hub 2019;4:500563

DOI: 10.1159/000500563 © 2019 The Author(s). Published by S. Karger AG, Basel
g www.karger.com/bmh

Dons-Jensen et al.: Diameter of Retinal Vessels Unaffected by Regadenoson

should ideally be corrected for such effects, and the influence of the IOP can be corrected by
calculating the GF. If this factor is 1, it can be concluded that changes in the diameter of retinal
resistance vessels are balancing changes in the driving blood pressure so that the blood flow
is kept constant [14]. The variability of the calculated GF values in the present study may have
obscured possible differences in this parameter among the interventions. However, a lack of
influence of the systemic circulation on the findings is supported by the finding of no signif-
icant difference between the GF calculated from the changes in arterial diameter and driving
blood pressure from baseline to flicker stimulation and systemic hypoxia with and without
regadenoson administration.

The fact that flicker stimulation increased the diameter of both retinal arterioles and
venules during normoxia and venules during hypoxia confirms previous findings [15, 16].
The lack of effect of flicker stimulation on the diameter of arterioles during hypoxia is anal-
ogous to studies showing that changes in oxygen saturation are correlated with changes in
flicker-induced dilatation of retinal arterioles during both hypoxia [15-17] and hyperoxia
[18]. The reduction in flicker-induced dilatation of retinal venules induced by regadenoson
during normoxia may be a similar paradoxical effect, where a potential dilating stimulus
reduces the effect of another dilating stimulus [16]. The mechanisms underlying these
diameter responses of retinal vessels when flicker stimulation is added to hypoxia or regad-
enoson administration require further investigation.

Previousinvivo studies have shown thatintravenous infusion of adenosine can increase
the pulse amplitude in the central retina and the blood flow in the choroid and the optic
nerve head, which can be assumed to be a result of vasodilatation in the choroidal resis-
tance vessels [7]. The observed lack of effect of the adenosine analogue regadenoson on the
diameter of retinal arterioles may potentially be due to a too low concentration of the
compound for a vasoactive effect to have been elicited. Although the employed concen-
tration of regadenoson can affect coronary function [8, 19], the sensitivity of retinal arte-
rioles to the compound may be lower than that of arterioles in the systemic circulation [20].
Previous studies have shown that adenosine has affinity to a number of adenosine receptor
types [21] and that the dilating effect of the compound requires functional Na-K pumps and
Karp channels [22]. Additionally, adenosine may be a final common mediator of other
compounds with vasodilating properties such as glutamate and ATP [23, 24]. Alternatively,
the lack of effect on retinal vessels may be related to the route of administration of regad-
enoson. Thus, it has been shown that adenosine-induced dilatation of retinal vessels
requires that the compound is administered extravascularly [5, 6], whereas intravascular
administration of the compound has no effect on vessel diameter [25] or blood flow in the
retina [26, 27]. This is in accordance with the present in vivo findings where intravascular
administration of regadenoson had no effect on the diameter of larger retinal vessels.
Therefore, it might be hypothesized that a vasoactive effect of regadenoson could be
achieved if the compound was administered intravitreally to act on the extraluminal side
of the vessels as observed with adenosine in newborn pigs [28]. This hypothesis should be
investigated further.

In conclusion, the present study has shown that intravenous administration of the
adenosine Aj, receptor agonist regadenoson has no effect on the diameter of retinal arte-
rioles but can reduce flicker-induced dilatation of venules during normoxia in normal persons
in vivo. Future studies should investigate differential effects of intra- and extravascular
administration of specific adenosine receptor agonists. This might point to possible roles for
adenosine receptors as targets for the treatment of retinal vascular disease such as diabetic
retinopathy.
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