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Abstract We sought to assess the tolerance and

safety of adenosine-stress cardiovascular magnetic

resonance (CMR) perfusion imaging in patients with

coronary artery disease (CAD). We retrospectively

examined all adenosine CMR perfusion scans per-

formed in our centre in patients with known or

suspected (CAD) and normal volunteers at either 1.5

or 3 T. All subjects were initially screened for

contraindications to adenosine. The dose of adeno-

sine infused was 140 lg/kg/min. Significant CAD

was defined angiographically as the presence of at

least one stenosis of [50% diameter. Data were

collected from 351 consecutive subjects (mean age

62 ± 11 years, range 25–85 years-245 men). Of the

351 subjects, 305 had a coronary angiogram, the

remaining 46 subjects were normal volunteers studied

for research protocols. In total, 233 subjects (76%)

were found to have significant CAD of whom 128

had multi-vessel disease. There were no deaths,

myocardial infarctions, or episodes of bronchospasm

during the CMR study. Transient 2nd (Mobitz II) or

3rd-degree atrioventricular (AV) block occurred in 27

patients (8%). There were no sustained episodes of

advanced AV block. Transient chest pain was the

most common side effect (199 subjects—57%). The

use of intravenous adenosine in CMR perfusion

imaging is safe and well-tolerated, even in patients

with severe CAD. Where a careful screening policy

for contraindications to adenosine is followed, seri-

ous adverse events in the CMR scanner are relatively

rare and symptoms resolve following termination of

the infusion, without the need for aminophylline.
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Introduction

Myocardial perfusion imaging involves stressing the

heart with either physiological exercise or a pharma-

cological agent, which is usually a vasodilator such as

adenosine or dipyridamole. These agents produce

near-maximal vasodilatation in normal coronary

arteries, resulting in an increment in coronary blood

flow four to five times above normal. In myocardial

segments supplied by a stenotic epicardial vessel

resistance in the arteriolar level is already reduced in

the resting state in order to maintain regional

myocardial blood flow (i.e., coronary vasodilator

T. D. Karamitsos (&) � J. R. Arnold �
T. J. Pegg � A. S. H. Cheng � J. M. Francis �
S. Neubauer � J. B. Selvanayagam

Centre for Clinical Magnetic Resonance Research,

Department of Cardiovascular Medicine, John Radcliffe

Hospital, University of Oxford, OX3 9DU Oxford, UK

e-mail: theo.karamitsos@cardiov.ox.ac.uk

W. J. van Gaal � A. P. Banning

Department of Cardiology, John Radcliffe Hospital,

Oxford, UK

123

Int J Cardiovasc Imaging (2009) 25:277–283

DOI 10.1007/s10554-008-9392-3



reserve has been utilized), and only minor or no

further reductions can take place. Thus, flow heter-

ogenity occurs during vasodilator stress (increased in

the normal territory and relatively unchanged in the

territory supplied by the stenotic coronary artery),

with areas beyond an arterial stenosis becoming

relatively hypoperfused. The clinical rule of thumb in

nuclear cardiology is that physiological exercise is

performed in patients who can exercise and vasodi-

lator stressors are used in patients who cannot.

Cardiovascular magnetic resonance (CMR) perfu-

sion imaging has progressed rapidly over the past few

years and has proven to be a sensitive modality to

detect ischemia [1–7]. Because of the limited space

within the magnet bore and the sensitivity to motion

artifacts, physical stress is impractical, and hence stress

CMR perfusion imaging is routinely performed during

pharmacological stimulation. Adenosine is the most

widely used pharmacological agent for CMR perfusion

studies due to its extremely short half-life (\10 s) and

transient nature of side effects [8]. Although the safety

of perfusion imaging using adenosine has been

confirmed in large-scale studies using radionuclide

imaging, [9, 10] it is important to examine the safety of

adenosine stress perfusion in an MR environment

where ECG monitoring is less reliable and resuscitation

requires rapid removal of the subject from the magnet.

The purpose of this study was to determine the

safety and tolerance of adenosine infusion in con-

junction with CMR first-pass perfusion imaging in

patients with suspected or known coronary artery

disease (CAD).

Methods

We retrospectively examined all adenosine CMR

perfusion scans performed in our centre between 03/

2003 and 03/2008 for clinical and research purposes

in patients with known or suspected CAD and normal

volunteers, at either 1.5 or 3 T. Information on safety

and adverse events during and immediately after

adenosine infusion were routinely recorded, together

with hemodynamic data.

Study population

The study population consisted of both research

(n = 313) and clinical (n = 38) patients. All research

patients were enrolled in studies approved by the

institutional research ethics committee. Patients

with suspected or known CAD continued their

medication as usual. All subjects were initially

screened for the presence of contraindications to

adenosine such as asthma, unstable angina or acute

myocardial infarction within 2 weeks of the study,

2nd or 3rd degree atrioventricular (AV) block and

bifascicular block. A 12-lead ECG was performed

prior to the CMR scan. We did not proceed to

adenosine administration if the patient reported

caffeine ingestion within the last 24 h. Prior to

the CMR scan a physician carefully explained the

procedure to subjects with emphasis on potential

adenosine-related symptoms. Subjects were contin-

uously monitored with peripheral oxygen saturation,

heart rate and 2-lead ECG throughout the CMR

scan. Systemic blood pressure was periodically

checked during the scan, and at every minute

during and for at least 15 min after the infusion of

adenosine. The monitor tracing during the CMR

scan does not allow for identification of 1st or

Wenckebach 2nd degree AV block and therefore

only advanced degrees of AV block (Mobitz II 2nd

degree and 3rd degree) were reported. Each subject

was questioned during and immediately after ter-

mination of adenosine infusion, specifically for the

occurrence of the following adverse events: short-

ness of breath or dyspnea, chest pain and other

minor symptoms (flushing, nausea, headache). At

least two cardiology fellows trained in cardiopul-

monary resuscitation and CMR evacuation

procedures were present during the adenosine

infusion.

Adenosine infusion protocol

Adenosine (Adenoscan�, Sanofi-Synthelabo) was

infused at 140 lg/kg/min through an antecubital vein

using an accurate syringe pump (Graseby� 3500).

Although the target time of the infusion was a

minimum of 3 min, it was to be discontinued earlier

in patients developing persistent or symptomatic 3rd

degree AV block, severe hypotension (systolic blood

pressure \90 mmHg) or bronchospasm. The attend-

ing physicians had aminophylline for adenosine

receptor antagonism and nitroglycerine for persistent

chest pain at hand, and a fully equipped crash trolley

with defibrillator was easily accessible.
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CMR imaging protocol

All CMR studies were performed using a 1.5 T

(Siemens Sonata, Erlangen, Germany) or a 3 T

clinical MRI scanner (Siemens Trio, Erlangen,

Germany). During the last minute of adenosine

infusion a gadolinium-based contrast agent (Gadodi-

amide, Omniscan, GE Healthcare) was administered

intravenously (through a different from adenosine iv

line) at 0.04–0.05 (for research scans) or 0.075 (for

clinical scans) mmol/kg body weight (injection rate,

6 ml/s), followed by a 15 ml saline flush at the same

rate. Perfusion imaging (echo time 1.04 ms, repetition

time 2 ms, saturation recovery time 100 ms, voxel

size 2.1 9 2.6 9 8 mm; flip angle 18� at 1.5 T and

17� at 3 T) was performed every cardiac cycle during

the first pass, using a T1-weighted fast (spoiled)

gradient echo sequence. Three or four short-axis

slices, positioned from the base to the apex of the left

ventricle, were obtained. The same imaging sequence

was repeated 20 min later without adenosine to obtain

perfusion images at rest.

Coronary angiography

All study participants, apart from the normal volun-

teers, underwent coronary angiography using standard

techniques. Significant CAD was defined visually as

the presence of at least one stenosis of[50% diameter

in any of the main epicardial coronary arteries or their

branches with a diameter of C2 mm.

Statistical analysis

Continuous variables are expressed as mean ± stan-

dard deviation. Categorical variables are expressed as

counts and percentages. All continuous variables

were found to be normally distributed by the

Kolmogorov–Smirnov test. Differences in continuous

variables between groups (normals vs. single-vessel

vs. multi-vessel disease) were assessed by one-way

analysis of variance (ANOVA) followed by post hoc

Tukey’s analysis. Comparisons of categorical vari-

ables between groups were performed by v2 test or

Fisher’s exact test as appropriate. Bonferroni correc-

tion to adjust for multiple comparisons has been

applied to P-values derived from v2 tests. A proba-

bility value of P \ 0.05 was considered significant

and two-tailed P values were used for all statistics.

The SPSS statistical software (version 13.0; SPSS

Inc., Chicago, Ill., USA) was used.

Results

Data were collected from 351 consecutive subjects

(mean age 62 ± 11 years, range 25–85 years-245

men) of whom 305 had a coronary angiogram (the

remaining 46 subjects were normal volunteers). 178

scans (51%) were performed at 1.5 T and 173 (49%)

at 3 T. In total 233 patients (76%) were found to have

significant CAD: 105 were patients with single-vessel

disease, 74 with two-vessel disease and 54 with three-

vessel disease, whereas 72 patients had no significant

CAD. Table 1 shows the baseline characteristics of

our subjects, and Fig. 1 shows two typical examples

of perfusion studies. We divided our study population

into three groups; normal subjects (normal volunteers

and individuals with normal arteries on coronary

angiography), single-vessel CAD patients, and multi-

vessel CAD patients. In total there were 16 left main

lesions, 175 left anterior descending lesions, 108 left

circumflex and 130 right coronary artery lesions. The

vast majority of our subjects (347 individuals—99%)

successfully completed the infusion protocol. Four

patients (1%) became extremely anxious during the

adenosine infusion and requested termination of the

CMR study.

Hemodynamic response to adenosine

The mean duration of adenosine infusion was

244 ± 60 s with the target minimum duration of

3 min being achieved in 322 (92%) of our subjects.

Table 2 shows the hemodynamic effects of adenosine

in our subjects. Overall, there was a mild decrease

(3 mmHg) in both systolic and diastolic blood

pressure with a compensatory increase in heart rate

(20 beats/min), resulting in a significant rise in rate-

pressure product (23% increase at stress).

Adverse events

There were no deaths, myocardial infarctions, or

episodes of bronchospasm or pulmonary edema in

our cohort as a result of the stress CMR perfusion

study. Transient advanced AV block (Mobitz II 2nd

degree and 3rd degree) occurred in 27 subjects (8%),
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of whom 16 (7%) had significant CAD on angiog-

raphy, whereas 11 individuals (9%) had normal

coronary arteries (P = 0.42). There were no sus-

tained episodes of advanced AV block. Patients under

treatment with beta-blockers (n = 214) had similar

incidence of advanced AV block (17 subjects—8%)

compared with beta-blocker naı̈ve subjects (10 out of

137 subjects—P = 0.83). More than half of our

patients reported the presence of chest pain (199

subjects—57%), but in only 5 subjects (1%) was

sublingual nitrate administration needed after the

infusion was discontinued. Patients with CAD, and

particularly multi-vessel disease, complained more

frequently of chest pain compared to subjects without

CAD (66% vs. 48%, P = 0.012). Several patients

reported breathlessness (158 subjects—45%) or other

vasodilator side effects like flushing, headache,

dizziness (150 subjects—43%). However, all these

symptoms resolved with termination of the infusion

and no aminophylline reversal was required. The

adverse effects of adenosine in our cohort are

summarized in Table 3.

Discussion

This study reports the safety of adenosine adminis-

tration for first-pass CMR perfusion imaging in a

patient population with significant prevalence of

CAD. Our findings show that adenosine is a highly

suitable agent for CMR perfusion imaging as it is

well-tolerated and safe even in patients with multi-

vessel CAD. The main advantage of adenosine is the

extremely short half-life (2–10 s), which makes its

effects quickly reversible [8]. This is particularly

useful when stressing patients in an MR environment,

where there are many attendant difficulties with

perfusion imaging, including the reduced robustness

of ECG monitoring and the need for remote resus-

citation in case of emergency.

Previous large prospective studies established the

overall safety of adenosine stress testing in conjunc-

tion with radionuclide myocardial perfusion imaging

[9, 10]. Over the last decade, CMR perfusion imaging

has emerged as a sensitive diagnostic modality to

detect ischemia, and several single-centre and multi-

Table 1 Baseline characteristics of the cohort

Variable Normal coronaries

(n = 118)

Single-vessel

disease (n = 105)

Multi-vessel

disease (n = 128)

P-value*

between groups

Total (n = 351)

Age (years) 57 ± 12� § 63 ± 10 65 ± 10 \0.001 62 ± 11

Sex (male %) 54 (46%)� 84 (80%) 107 (84%)§ \0.001 245 (70%)

Height (cm) 169 ± 10 171 ± 8 172 ± 9 0.03 171 ± 9

Weight (kg) 78 ± 16� 84 ± 14 83 ± 15 0.029 82 ± 16

BMI (kg/m2) 27 ± 5 29 ± 4 28 ± 4 0.145 28 ± 5

BSA (m2) 1.91 ± 0.24� 1.99 ± 0.19 1.98 ± 0.22§ 0.014 1.95 ± 0.22

Hypertension (n %) 30 (25%)� 58 (55%) 75 (59%)§ \0.001 163 (46%)

Diabetes (n %) 12 (10%)� 27 (26%) 34 (27%)§ 0.002 73 (21%)

Dyslipidemia (n %) 49 (42%) 76 (35%) 90 (70%)§ \0.001 215 (61%)

Smokers (n %) 24 (20%) 23 (22%) 26 (20%) 0.9 73 (21%)

Family history of CAD (n %) 30 (25%) 33 (31%) 45 (35%) 0.169 108 (31%)

Coronary angiography (n %) 72 (61%) 105 (100%) 128 (100%) – 305 (87%)

Beta-blockers 42 (36%)� 69 (66%)** 103 (80%)§ \0.001 214 (61%)

Calcium-channel antagonists 22 (19%) 31 (30%) 35 (27%) 0.132 88 (25%)

Nitrates 10 (9%)� 36 (34%) 37 (29%)§ \0.001 82 (23%)

*For comparisons between the three groups by v2 test or ANOVA (as appropriate)
� P \ 0.05 for comparison between normals and single-vessel disease patients
§ P \ 0.05 for comparison between normals and multi-vessel disease patients

** P \ 0.05 for comparison between single- and multi-vessel disease patients

BMI body mass index; BSA body surface area; CAD coronary artery disease
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centre studies have reported excellent results for the

detection of significant CAD using adenosine as the

pharmacological stress agent [1–5]. Nevertheless,

these studies focused on the diagnostic performance

of CMR perfusion imaging in patients with suspected

CAD rather than the safety profile of adenosine as a

stressor agent in an MR environment. A recent study

reported on the safety of adenosine-stress perfusion

CMR on 35 patients early after ST-elevation myo-

cardial infarction [11]. CMR was well tolerated, all

subjects completed the study protocol and no com-

plications occurred. A second CMR study that has

specifically addressed the issue of safety of adenosine

stress imaging has been conducted using a mobile

1.5 T cardiac magnetic resonance system. In this

study Bernhardt et al. [12] reported no major

complications after a 3-min infusion of adenosine in

574 patients. The same group has documented an

excellent safety and tolerability profile of adenosine

stress MR in 3,174 outpatients [13]. We also found

only minor complications resulting from adenosine

infusion. There are, however, some significant dif-

ferences between our study and the studies by

Bernhardt et al. [12, 13]. Firstly, 86% of our

Fig. 1 Examples from

CMR perfusion scans.

Representative examples

from CMR perfusion scans

at adenosine stress (left
panels) and rest (right
panels). The top panels
show the scan of a CAD

patient with a significant

left anterior descending

stenosis. Note the reversible

perfusion deficit in the

anterior wall (white
arrows). The bottom panels
show the scan of a normal

volunteer. Both CMR scans

were performed at 3 T

Table 2 Hemodynamic data at rest and during adenosine infusion

Rest Adenosine stress P-value

Heart rate (beats/min) 62 ± 12 82 ± 14 0.001

Systolic blood pressure (mmHg) 132 ± 18 129 ± 19 0.001

Diastolic blood pressure (mmHg) 76 ± 10 73 ± 11 0.001

Rate-pressure product (mmHg 9 beats/min) 8,239 ± 2,030 10,632 ± 2,605 0.001

Int J Cardiovasc Imaging (2009) 25:277–283 281

123



population had coronary angiography whereas Bern-

hardt and colleagues present angiographic data only

on 70% of their cohort. Secondly, our data are

derived from a well-defined population with signif-

icant CAD, and particularly multi-vessel disease,

whereas most of the patients Bernhardt et al. studied

had single vessel disease. Thirdly, we administered

adenosine for longer (duration of infusion more than

3 min in 92% of our patients with an average of

4 min), whereas Bernhardt et al. used a 3-min

infusion protocol. Importantly, our data indicate that

CMR stress perfusion imaging is safe even in patients

with multi-vessel disease.

Overall, adenosine infusion was well-tolerated in

our cohort and only few minor side-effects were

observed. All these resolved within several minutes

of stopping the infusion and there was no need for

aminophylline administration. Serious side effects

such as death, myocardial infarction or serious

arrhythmias were not observed. Importantly, adeno-

sine infusion was the reason for terminating the CMR

scan in only 4 subjects (1%) who suffered extreme

anxiety during the infusion. As expected chest pain

occurred frequently in our cohort. This was a

common complaint mostly in CAD patients (61%),

and particularly subjects with multi-vessel disease

(66%), but was also frequent in normal volunteers

(48%). Thus, the occurrence of chest pain is not a

very reliable criterion to identify patients with CAD.

The algogenic mechanism of adenosine is unclear—

true myocardial ischemia is not always the cause of

it. Interestingly, very few of our CAD patients

required nitroglycerin administration to control the

pain. Direct activation of myocardial nociceptors,

which may occur even without ischemia in normal

subjects, is another possible explanation for the chest

pain following adenosine administration [14]. Dysp-

nea was another common side effect in our study

population, which again terminated promptly after

the infusion was discontinued. The sensation of

breathlessness during adenosine administration can

be attributed to stimulation of carotid chemorecep-

tors, which leads to an increase in respiratory rate and

depth causing hyperventilation [15]. None of our

patients had bronchospasm during adenosine infu-

sion. This is likely to be due to our careful screening

policy for asthma, although some studies have

reported no major respiratory side-effects after aden-

osine administration even in patients with severe

chronic obstructive pulmonary disease or asthma [16,

17]. Adenosine has also been associated with various

degrees of heart block. The incidence of advanced

AV block in our cohort is comparable with the

published literature, and in all cases heart block was

transient and terminated spontaneously without major

hemodynamic effects [9, 10, 18]. Patients taking

beta-blockers or calcium channel antagonists were

not at increased risk for AV block.

One limitation of our study is that we did not

follow up patients for more than 1 h after the CMR

Table 3 Adverse effects of adenosine infusion

Normal

coronaries

(n = 118)

Single-vessel

disease

(n = 105)

Multi-vessel

disease

(n = 128)

P-value*

between

groups

Total

(n = 351)

Chest pain (n %) 56 (47%) 59 (56%) 84 (66%)§ 0.016 199 (57%)

Breathlessness (n %) 68 (58%) 44 (42%) 46 (36%)§ \0.001 158 (45%)

Flushing, headache or dizziness (n %) 58 (49%) 45 (43%) 47 (37%)§ 0.14 150 (43%)

Mobitz II 2nd or 3rd degree atrioventricular

block (n %)

11 (9%) 7 (7%) 9 (7%) 0.71 27 (8%)

Angina requesting sublingual nitrates (n %) 0 (0%) 1 (1%) 4 (3%) 0.1 5 (1%)

Scan abandoned during adenosine

on subject’s request (n %)

1 (1%) 2 (2%) 1 (1%) 0.68 4 (1%)

* For comparisons between the three groups by v2 test
� P \ 0.05 for comparison between normals and single-vessel disease patients
§ P \ 0.05 for comparison between normals and multi-vessel disease patients

** P \ 0.05 for comparison between single- and multi-vessel disease patients

CAD coronary artery disease
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scans. Nevertheless, delayed or recurrent side effects

one hour after the infusion of adenosine are very rare.

Moreover, given its ultra-short half life of\10 s, any

delayed events can not be attributed to adenosine

with certainty.

In conclusion, the use of intravenous adenosine for

CMR perfusion imaging is safe and well-tolerated

even in patients with severe CAD. Where a careful

screening policy for contraindications to adenosine is

followed, serious adverse events in the CMR scanner

are rare and symptoms resolve following termination

of the infusion without the need for aminophylline.
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