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Normal response of cardiac flow and function to adenosine
stress as assessed by cardiac MR
Nadine Kawela, Francesco Santinib, Tanja Haasa, Michael J. Zellwegerc,
Henk J. Streefkerkd and Jens Bremericha
Aims To establish the response of cardiac flow and function

to adenosine stress using phase-contrast magnetic

resonance (pcMR) and cine steady-state free precession

(SSFP) cardiac magnetic resonance (CMR).

Methods Healthy volunteers (n U 10) were scanned on

1.5T at rest and under adenosine stress utilizing short-axis

SSFP sequences and pcMR of the aorta and pulmonary

trunk.

Results Adenosine-induced increase in heart rate was

62.7% (P < 0.001). Left and right-ventricular stroke volumes

(SVs) increased by 12.2% (P U 0.048) and 11.9% (P U 0.044),

left-ventricular ejection fraction by 11.8% (P U 0.002), and

left-ventricular and right-ventricular cardiac output (CO) by

81.0% (P < 0.001) and 81.8% (P U 0.005). Average flow

velocities in the ascending aorta and pulmonary trunk

increased by 77.3% (P < 0.001) and 73.6% (P < 0.001), and

peak flow velocities in the ascending aorta and pulmonary

trunk by 27.2% (P < 0.001) and 22.4% (P U 0.003). End-

systolic volumes in the left ventricle (LV) and right ventricle

(RV) decreased by 16.4% (P U 0.020) and 19.2% (P U 0.028).
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Planimetric cine SSFP and pcMR-derived SV showed an

excellent correlation.

Conclusion In healthy volunteers, response to adenosine

stress is characterized by an increase in heart rate, CO and

SV of both ventricles. Excellent correlation is demonstrated

between these increases and the increased blood flow

velocities in the aorta and the pulmonary trunk. Thus, results

support the use of flow measurements as an internal control

of planimetric measurements of ventricular SV and CO.
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Introduction
Magnetic resonance imaging (MRI) is widely used for the

evaluation of cardiovascular disease including coronary

artery disease (CAD). Since ergometric stress is not

feasible routinely in clinical cardiac magnetic resonance

imaging (CMR), pharmacological stress agents are used

to assess myocardial perfusion and regional wall motion

abnormalities and compared to rest when CAD is sus-

pected. Noninvasive assessment of myocardial ischemia

for detection of flow-limiting coronary artery stenosis

is routinely performed by means of first-pass contrast-

enhanced MRI of the myocardium during pharmacologi-

cal stress.1 At rest myocardial perfusion remains normal

when diameter narrowing of the coronary artery does not

exceed 90%.2 During pharmacological vasodilatation,

however, myocardium supplied by coronary arteries with

significant stenoses is hypoenhanced during first-pass of

contrast material when compared to myocardium sup-

plied by normal arteries.3 Due to its short half-life of less

than 10 s and its favourable safety profile, adenosine is the

most frequently used pharmacologic vasodilator for per-

fusion imaging.3 Adenosine interacts with specific recep-

tors on the cell membrane of coronary arterioles and

causes an increase in adenylate cyclase and a decrease
in calcium uptake, resulting in coronary vasodilatation.4 It

is known that apart from coronary vasodilatation, adeno-

sine also causes systemic hemodynamic effects such as an

increase in heart rate and a decrease of total peripheral

resistance.4,5

For assessment of regional wall motion abnormalities

dobutamine is preferred because of its positive inotrope

properties.6 For adenosine, however, a high diagnostic

yield for assessment of ventricular contractile reserve has

also been demonstrated.7

Using other imaging modalities, such as radionuclide

angiography and echocardiography, it has been shown

that imaging under stress conditions can provide

more functional and hemodynamic information beyond

myocardial perfusion and left-ventricular regional wall

motion, such as global left and right-ventricular func-

tion,8,9 atrial function,10 and flow.11 Furthermore, in

patients with cardiovascular disease, cardiac dysfunction

may be revealed under stress which is not present under

resting conditions.8

Cardiac magnetic resonance has the capability to assess

different hemodynamic and functional parameters within
thorized reproduction of this article is prohibited.
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the same exam. Adenosine stress exams in CMR are well

established for the assessment of myocardial perfusion

but might also play a role in evaluation of other functional

and hemodynamic cardiovascular parameters and their

response to stress. To our knowledge to date, no study has

been reported indicating the normal response of cardiac

flow and function to adenosine stress by means of CMR.

Therefore the purpose of our study was to explore the

response of cardiac flow and function to adenosine stress

and to establish the relationship of the hemodynamic and

functional assessments derived from phase-contrast

(pcMR) and cine steady-state free precession (SSFP)

CMR in healthy volunteers.

Methods
Study population
Ten healthy volunteers (mean age�SD, 29� 6.8, range

19–45) gave written informed consent to participate in

the study approved by the local ethics committee. All

participants had no known cardiovascular risk factors such

as hypertension, dyslipoproteinemia, diabetes or smoking

history. None of the participants had known cardiovas-

cular or other disease or contraindications against MR

examination, gadolinium-based contrast material or ade-

nosine. All volunteers withheld from caffeine containing

substances for 24 h before the exam. ECG obtained

immediately before the MR exam was normal in all

volunteers and did not show any conduction defects.
Magnetic resonance study
Imaging was performed on a 1.5T whole body MR

scanner (Magnetom Espree, Siemens Healthcare,

Germany) equipped with phased array body coils (supine

position). For imaging under pharmacological stress ade-

nosine was continuously administered via an antecubital

vein at an injection rate of 140 mg/kg per min. Stress

imaging commenced after 3 min continuous adenosine

infusion. The ECG was monitored continuously during

adenosine infusion. After multiplanar scout images the

following sequences were acquired at rest and stress:
(1) R
op
etrospectively cardiac-triggered short-axis [cover-

ing the whole left ventricle (LV) and right ventricle

(RV)] cine SSFP sequences using the following

parameters: TR/TE 2.8/1.15 ms; slice thickness

6 mm; interslice gap 4 mm; field of view 318� 340;

matrix 192� 144; bandwidth 930 Hz/Px; flip angle

718; parallel imaging (iPAT) factor (GRAPPA) 2;

number of reconstructed images per cardiac cycle 25.
(2) A
 retrospectively cardiac-triggered flow-sensitive

velocity-encoded two-dimensional fast low angle shot

(FLASH) gradient echo pulse sequence was acquired

through plane using the following parameters: TR/TE

11.4/3.25 ms; slice thickness 5 mm; field of view

240� 320; matrix 256� 154; bandwidth 814 Hz/Px;

flip angle 308; parallel imaging (iPAT) factor
yright © Italian Federation of Cardiology. Unauth
(GRAPPA) 2; number of reconstructed images per

cardiac cycle 30. Velocity encoding value (venc) for

flow measurement was set to 200 cm/s for the aorta and

to 180 cm/s for the pulmonary trunk. Flow measure-

ments of the ascending aorta were acquired at the level

of the right pulmonary artery.
(3) F
irst pass perfusion imaging was performed after

intravenous administration of a bolus of 0.05 mmol/kg

gadobenate dimeglumine (MultiHance, Bracco,

Milan, Italy) via an antecubital vein at an injection

rate of 4 ml/s followed by a 20 ml saline chaser using a

power injector (Spectris, Medrad Inc., Pittsburgh,

Pennsylvania, USA). Three short-axis slices were

acquired using a SSFP sequence with a saturation

prepulse (delay 100 ms) and the following parameters:

TR/TE 2.5/1.04 ms; slice thickness 8 mm; field of view

284� 379; matrix 192� 108; bandwidth 1371 Hz/Px;

flip angle 508; parallel imaging (iPAT) factor

(GRAPPA) 2.
Image analysis
Images were transferred to a workstation for analysis

(Syngo MultiModality Workplace, Vers. VE 25A,

Siemens Medical Solutions, Forchheim, Germany) and

processed with dedicated software (Argus, Siemens

Medical Solutions, Forchheim, Germany).

Left and right-ventricular endocardial contours were

drawn manually at end-diastole (first image of the cine

acquisition) and end-systole (smallest cavity size during

cardiac cycle) on every slice. Papillary muscles were

excluded from the cavity. On the basis of these contours

diastolic and systolic volumes of the LV and RV were

calculated by the summation-of-disks method. On

the basis of the ventricular segmentation, calculations

of ejection fraction, indexed values for left and right-

ventricular end-diastolic and end-systolic volumes as well

as cardiac output and cardiac index were performed.

For flow measurements, contours of the ascending aorta

as well as the pulmonary trunk were drawn manually on

each image acquired at different times through the

cardiac cycle.

All measurements were performed identically for the

images acquired under rest and stress conditions.

Regional wall motion and perfusion were assessed quali-

tatively with visual observation only.

Statistical analysis
Statistical analysis was performed using SPSS 17.0 (SPSS

Inc., Chicago, Illinois, USA). Mean values� SD, as well

as minimum and maximum values were calculated for all

acquired parameters. Since all parameters had a normal

distribution (Kolmogorov–Smirnov test) the comparison

of each parameter under rest and stress was performed

with the two-tailed t-test. P values less than 0.05 were
orized reproduction of this article is prohibited.
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Table 1 Hemodynamic parameters in healthy individuals at rest and during adenosine stress

Hemodynamic parameter

Mean�SD

%Change P valueRest Stress

SBP (mmHg) 111�7 113�9 1.8 0.455
Heart rate (beats per minute) 59�7 96�18 62.7 <0.001

�

Oxygen saturation (%) 97�1 98�1 1.0 0.081

�
P statistically significant.
considered statistically significant. To compare agree-

ment between stroke volume (SV) measurements

derived from cine SSFP images and pcMR, the Pearson

correlation coefficient was calculated and Bland–Altman

plots were created.

Results
In all volunteers the CMR exam was completed without

adverse events. Adenosine infusion was well tolerated

and none of the volunteers presented conduction disturb-

ance or other abnormalities during continuous ECG

monitoring. Mean adenosine dose (�SD) administered

intravenously was 115.2 mg (�27.3 mg). There was no

significant change in SBP and oxygen saturation, but a

significant increase in peak heart rate during adenosine

infusion compared to the heart rate at rest was observed

(þ62.7%; P< 0.001) (Table 1).

Table 2 shows the results for the comparison under rest

and stress of each hemodynamic/functional MR-derived

parameter. With changes not exceeding 4.2% the end-

diastolic volume and end-diastolic volume index of the

RV and LV remained relatively stable. Whereas end-

systolic volume (index) of both the LV and the RV was

significantly lower under stress compared to rest (�16.4;
pyright © Italian Federation of Cardiology. Unau

Table 2 Volumes and function of the left and right ventricle at rest an

Hemodynamic/functional MR-derived parameter

Mean

Rest

Left ventricle
EDV (ml) 158.8�29.7 (96; 190)
EDVI (ml/m2) 82.1�13.8 (61; 96)
ESV (ml) 59.9�15.2 (33; 82)
ESVI (ml/m2) 30.6�6.3 (21; 38)
SV (ml) 99.0�17.5 (64; 122)
SVI (ml/m2) 51.5�9.2 (41; 68)
EF (%) 62.7�4.4 (56; 71)
CO (l/min) 5.8�0.9 (4.3; 7.2)
CI (l/min/m2) 3.0�0.5 (2.6; 4.0)

Right ventricle
EDV (ml) 176.1�33.4 (106; 216)
EDVI (ml/m2) 90.8�14.9 (67; 106)
ESV (ml) 82.9�24.3 (46; 114)
ESVI (ml/m2) 42.6�11.0 (29; 59)
SV (ml) 93.6�16.8 (60; 116)
SVI (ml/m2) 48.3�8.7 (38; 65)
EF (%) 53.6�6.9 (44; 63)
CO (l/min) 5.5�1.0 (4.0; 7.0)
CI (l/min/m2) 2.8�0.5 (2.2; 3.8)

CI, cardiac index; CO, cardiac output; EDV(I), end-diastolic volume (index); EF, eje�
Statistically significant.
P¼ 0.020 and �19.2; P¼ 0.028), ejection fraction

(þ11.8%; P¼ 0.002), cardiac output (þ81%; P< 0.001)

and cardiac index (þ80%; P< 0.001) of the LV as well as

cardiac output (þ81.8%; P< 0.001) and cardiac index

(þ82.1%; P< 0.001) of the RV increased significantly

under stress compared to rest.

Left and right-ventricular SV increase under stress was

marginally significant (P¼ 0.048 and P¼ 0.044, respect-

ively).

Average and peak flow velocity in the ascending aorta and

the pulmonary trunk increased significantly under stress

(P between 0.003 and <0.001) (Table 3).

Left-ventricular SV (LVSV) (rest and stress) derived

from flow measurements in the ascending aorta revealed

a mean value (�SD) of 92.4� 16.9 and 101� 20.2 ml,

respectively, compared to flow volume derived from

cine images: 99� 17.5 and 111� 21.1 ml, respectively.

Right-ventricular SV (RVSV) (rest and stress) derived

from flow measurements in the pulmonary trunk

revealed a mean value (� SD) of 87.5� 13.9 and

102.8� 16.8 ml, respectively, whereas deriving RVSV

from cine images it was 93.6� 16.8 and 104.7� 18.2,

respectively (Table 2).
thorized reproduction of this article is prohibited.

d during adenosine stress in healthy individuals

�SD (min, max)

%Change P valueStress

161.3�40.0 (76; 231) 1.6 0.728
82.4�15.3 (48; 104) 0.4 0.936
50.1�20.4 (15; 91) �16.4 0.020

�

25.3�8.7 (10; 41) �17.3 0.017
�

111.1�21.1 (61; 139) 12.2 0.048
�

57.2�7.9 (39; 65) 11.1 0.060
70.1�6.1 (61; 80) 11.8 0.002

�

10.5�2.5 (6.5;14.0) 81.0 <0.001
�

5.4�1.0 (3.3; 6.7) 80.0 <0.001
�

169.0�37.0 (70; 191) �4.0 0.410
87.0�16.1 (44; 98) �4.2 0.372
67.0�19.9 (28; 88) �19.2 0.028

�

34.4�9.2 (18; 45) �19.2 0.025
�

104.7�18.2 (65; 129) 11.9 0.044
�

53.9�7.0 (41; 64) 11.6 0.053
57.1�18.1 (10; 74) 6.5 0.500
10.0�2.4 (5.8;13.3) 81.8 <0.001

�

5.1�1.0 (2.9; 6.7) 82.1 <0.001
�

ction fraction; ESV(I), end-systolic volume (index); SV(I), stroke volume (index).
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Table 3 Flow in aorta and pulmonary trunk in healthy individuals

Hemodynamic/functional MR-derived parameter

Mean�SD (min; max)

%Change P valueRest Stress

Ascending aorta
FVav (cm/s) 18.9�4.7 (11; 27) 33.5�6.7 (22; 46) 77.3 <0.001

�

FVpeak (cm/s) 106.7�19.0 (69; 135) 135.7�21.9 (97; 173) 27.2 <0.001
�

RegVol (ml) 1.1�1.7 (0; 6) 1.6�1.8 (0; 5) 45.5 0.328
Pulmonary trunk

FVav (cm/s) 18.2�3.6 (14; 24) 31.6�7.4 (19; 43) 73.6 <0.001
�

FVpeak (cm/s) 83.1�9.7 (68; 92) 101.7�16.3 (76; 121) 22.4 0.003
�

RegVol (ml) 0.9�1.1 (0; 3) 0.7�0.8 (0; 2.3) �22.2 0.374

FVav, flow velocity average; FVpeak, flow velocity peak; RegVol, regurgitation volume.
�

Statistically significant.
Excellent correlation between stroke volume as

measured by cine images and flow analysis at rest and

stress was demonstrated, and Fig. 1 displays the corre-

lation and Bland–Altman comparison of cine MR and

pcMR results. There was excellent correlation of LVSV

as measured by cine MR of the LV and pcMR of

the ascending aorta at rest (r¼ 0.93, P< 0.0001) and

stress (r¼ 0.98, P< 0.0001). The relationships are well

described by the linear functions y¼ 0.90xþ 3.02 and

y¼ 0.94x� 3.48, respectively. For the Bland–Altman

comparison, the 95% limits of agreement ranged from

�19.1 to 5.9 ml, with a negative bias of 6.6 ml and from

�18.3 to�1.9 ml, with a negative bias of 10.1 ml, respect-

ively. Excellent correlation of RVSV as measured by cine

MR of the RV and pcMR of the pulmonary trunk at rest

(r¼ 0.82, P< 0.0039) and stress (r¼ 0.95, P< 0.0001) was

also demonstrated. The linear functions describing the

RVSV relationships at rest and stress are y¼ 0.67xþ 24.45

and y¼ 0.87xþ 11.19, respectively. For the Bland–Alt-

man comparison, the 95% limits of agreement ranged

from �25.5 to 13.3 ml, with a negative bias of 6.1 ml, and

from �13.2 to 9.4 ml, with a negative bias of �1.9 ml,

respectively.

In the cardiac images for all the volunteers, no perfusion

defects or regional wall motion abnormalities were

observed.

Discussion
The benefit of combined rest and stress perfusion or wall

motion imaging for the assessment of CAD is well estab-

lished.8–11 For myocardial perfusion CMR, adenosine is

most frequently used as pharmacological stress agent

because of its vasodilative effect on coronary arteries

and its favourable safety profile.3 Only few investigators,

however, address the response of left and right-ventri-

cular function as well as flow in aorta and pulmonary

trunk to adenosine stress. But – unlike other imaging

modalities – CMR enables assessment of multiple hemo-

dynamic and functional parameters of the circulation

during one examination with high reproducibility and

without ionizing radiation. The current study demon-

strates the response of cardiac flow and function to

adenosine stress in healthy volunteers.
opyright © Italian Federation of Cardiology. Una
In agreement with other studies,12 the current study

showed a significant increase in heart rate under adeno-

sine stress compared to rest (þ62.7%; P< 0.001) in

healthy individuals. Reflex increase of heart rate as a

response to vasodilatation during low-dose infusion of

adenosine is well known.4 SBP has been reported to

decrease4,12 or increase13 during low-dose adenosine

infusion. In the current study mean SBP did not change

significantly.

Left-ventricular function and response to stress are

relevant predictors of outcome. Using radionuclide ven-

triculography Iskandrian et al.14 showed that exercise left-

ventricular ejection fraction was the best predictor for

major cardiac events in patients with chest pain. In

another study, peak stress ejection fraction was identified

to provide an estimate of having significant CAD.9 With

respect to normal values Ogilby et al.12 showed a slight

decrease in left-ventricular end-diastolic volume in five

healthy volunteers assessed with single-photon emission

computed tomography and interventional coronary

angiography, whereas there was a small but insignificant

increase in our volunteers. They furthermore showed a

slight decrease in left-ventricular end-systolic volume,

which was a statistically significant increase in the current

study. This resulted in a significant increase in ejection

fraction, whereas the increase in ejection fraction was not

statistically significant in the above-mentioned study.

The differences between both studies may be attributed

to the smaller number of volunteers in the other study

(n¼ 5) and different imaging modalities. The statistically

significant increase of the LVSV is related to the decrease

of end-systolic volume. The statistically significant

increases of cardiac output and cardiac index of the LV

are attributed to an increase of SV and heart rate, also

shown by other authors.12

Assessing right-ventricular function under stress might

provide important additional information. Reduto et al.8

demonstrated an abnormal right-ventricular ejection frac-

tion response to exercise stress, whereas right-ventricular

ejection fraction under resting conditions was normal

in asymptomatic patients after correction of tetralogy

of Fallot. In the current study, right-ventricular end-

diastolic volume was slightly lower under stress compared
uthorized reproduction of this article is prohibited.
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Fig. 1
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to rest, whereas the difference was statistically significant

for the end-systolic volume (P¼ 0.028). RVSV increased

significantly (P¼ 0.044).

Since flow parameters derived from measurements in the

aorta and pulmonary trunk may reflect cardiovascular

pathophysiology,15 it may also be of interest to investi-

gate those changes under stress. Previously hemody-

namic response on vasodilator therapy in patients with

heart failure has been assessed with pulsed Doppler

velocimetry.11 In the current study average and peak

flow velocity in the ascending aorta and the pulmonary

trunk increased significantly under stress, which was

similar to another study investigating MR flow velocities

under rest and exercise stress in healthy individuals.16

Several studies demonstrated an excellent correlation

between planimetric cine MR-derived SVs and pcMR-

derived SVs.17,18 These results at resting condition are

confirmed by the current data. Moreover, the current

study showed an excellent correlation of SV measure-

ments by means of multislice cine SSFP and pcMR,

respectively, under adenosine stress.

For detection of subclinical disease, assessment of per-

fusion, function and flow under rest and stress might be

advantageous. Some cardiac diseases that remain unde-

tected under resting conditions might become evident at

stress. Diffuse myocardial fibrosis is present in several

cardiomyopathies, including hypertrophic and dilatative

cardiomyopathy. It would be advantageous, for instance

in a risk population with familiar hypertrophic cardio-

myopathy, to detect the disease at a subclinical stage,

before morphologic changes and symptoms occur. T1

mapping, for instance, is a promising CMR technique

that might enable detection of diffuse fibrosis prior to

morphologic changes and deterioration of function.19

Assessment of function and flow under stress also offers

potential for early disease detection. Whereas function

and flow are normal under resting conditions, deteriora-

tion in function and flow might become evident solely

under stress at an early stage of disease. Myocardial

fibrosis and restricted perfusion might occur in cardiac

involvement of systemic lupus erythematosus.20,21 A

combined protocol including assessment of perfusion,

function and flow under rest and stress would be advan-

tageous for detection of subclinical disease.

And, finally, also in stress-induced ischemia related to

CAD, comparison of function under rest and stress might

offer useful additional information, particularly in cases in

which perfusion studies are inconclusive.22 Assessment of

the influence on prediction of adverse cardiac events

of function and flow under stress in addition to a com-

prehensive protocol, as evaluated by Bingham and

Hachamovitch,23 would be of interest for future research.

The current study has several limitations. We used

the stress agent adenosine, although it is known that
opyright © Italian Federation of Cardiology. Una
ergometric stress is more physiologic compared to pharma-

cological stress. The feasibility of exercise stress using

an MR-compatible bicycle ergometer has been demon-

strated, but is not useful in clinical routine because of

motion related to bicycling.16 Moreover, adenosine is not

considered to be the ideal agent for detection of stress-

induced wall motion abnormalities in significant CAD.

For this application, the positive inotrope stress agent

dobutamine is usually preferred due to higher sensitivity.6

Other studies, however, showed a high diagnostic yield

of adenosine-stress CMR in the assessment of left-

ventricular contractile reserve.7 Although the impact of

ergometric or dobutamine stress was demonstrated by

using other imaging modalities, such as echocardiography,

the impact on diagnosing and monitoring cardiovascular

disease by means of an adenosine-stress CMR protocol as

described needs further evaluation in patients with differ-

ent types of cardiovascular disease. Another limitation is

the relatively small number of participants. The study was

designed as a pilot study in which we first wanted to test

the feasibility of the protocol, including a relatively long

period of adenosine infusion.

In conclusion, response to adenosine stress is characterized

by increase in heart rate, cardiac output and SV of both

ventricles. This increase is paralleled by increasing flow in

the aorta and pulmonary trunk with excellent correlation of

two independent methods: multislice cine SSFP and

pcMR. Thus flow measurements may serve as an internal

control of multislice planimetric measurements of ventri-

cular volumes and function at rest and stress.
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