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Abstract Although atrial natriuretic peptide (ANP) is

widely used in patients with congestive heart failure

(CHF), little is known about its effect on epicardial coro-

nary arteries. Magnetic resonance imaging (MRI) enables

precise measurement of coronary vasodilation and flow

velocity. In this study, we examined the changes in epi-

cardial coronary artery size and flow velocity in response to

intravenous infusion of ANP or nitroglycerin (NTG) by

using 3 T MRI in patients with CHF. The study cohort

contained a total of 14 subjects: 8 patients with CHF and 6

healthy volunteers as controls, randomly divided into two

groups: the ANP group (0.03 lg/kg/min) and the NTG

group (0.3 lg/kg/min). Cross-sectional MR angiography

and phase-contrast flow velocity of the right coronary

artery in the same in-plane slice were obtained at the

baseline, during drug infusion, and at two subsequent time

points after stopping drug infusion. A significant increase

was observed in the coronary cross-sectional area at 15 min

after drug infusion in both groups compared with that at

baseline; however, a late peak was observed at 15 min after

stopping infusion in the ANP group. No significant dif-

ferences were detected in the flow velocity in both groups.

Furthermore, although NTG increased the heart rate, this

change was not found in the ANP group. Coronary vaso-

dilation and flow velocity can be measured simultaneously

using 3 T MRI. Using this method, we showed that the

effects of ANP on the coronary artery vasodilation and

flow velocity were not inferior to those of NTG, with no

significant alteration in heart rate.
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Introduction

Despite the development of effective medications during

the past decade, congestive heart failure (CHF) remains the

key cause of morbidity and mortality in the elderly

worldwide [1]. Vasodilators such as nitroglycerin (NTG) or

atrial natriuretic peptide (ANP) are widely used in patients

with CHF caused by ischemic or nonischemic heart disease

[2]. Despite the prompt and beneficial hemodynamic effect

of NTG, this agent may stimulate the renin–angiotensin–

aldosterone system (RAAS) and cause tachycardia. More-

over, long-term administration of NTG leads to impaired

vasodilation, a phenomenon known as NTG tolerance

[3, 4]. By contrast, ANP, a circulating hormone of cardiac

organ, has vasodilatory and diuretic properties and sup-

presses the RAAS [5, 6]. In patients with CHF, ANP

increased the cardiac index and stroke volume index, and

significantly reduced pulmonary capillary wedge pressure

and systemic vascular resistance [7]. However, there are
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limited data on epicardial coronary vasodilation caused by

this agent in patients with CHF. Some previous studies

using invasive coronary angiography (CAG) reported that

ANP dilates the epicardial coronary artery in subjects with

normal coronary arteries and normal ventricular function

[8, 9].

The introduction of noninvasive techniques for mea-

suring human epicardial coronary vasodilation directly

would allow a widespread evaluation of coronary vasore-

activity. Coronary magnetic resonance angiography

(MRA) has developed rapidly over the past decade. High-

resolution coronary MRA can now achieve submillimeter

spatial resolution by a variety of breath-hold and non-

breath-hold techniques, making the measurement of coro-

nary vasodilation feasible [10, 11]. This technique does not

utilize ionizing radiation or contrast agents, making it

particularly safe for serial measurements. Using this tech-

nique, Terashima et al. [12] reported a 23 % increase in

coronary cross-sectional area (CSA) after sublingual NTG

administration in patients with coronary artery disease and

healthy subjects. Furthermore, magnetic resonance imaging

(MRI) enables precise measurement of coronary blood flow

velocity with a phase-contrast turbo gradient echo tech-

nique [13].

Although the efficacy of long-term administration of

ANP to patients with CHF has been reported previously,

little is known about the acute effect of this agent on epi-

cardial coronary arteries in patients with CHF. The present

study examines the changes in the epicardial coronary

artery size and flow velocity in response to intravenous

infusion of ANP or NTG by using 3 T MRI, in patients

with CHF in the stable chronic phase and in healthy

subjects.

Patients and methods

Patients

The study cohort contained a total of 14 subjects without

contraindications to MRI: 8 patients with CHF due to idi-

opathic dilated cardiomyopathy (n = 4) or hypertensive

heart disease (n = 4) who were enrolled from Osaka Social

Medical Center, and 6 healthy volunteers as controls. All

participants were men in the range of 31–72 years old

(mean 49 ± 14 years) and in sinus rhythm. All patients

with CHF showed clinically stable New York Heart

Association (NYHA) functional class I/II symptoms. Each

patient enrolled in the study met the following criteria: (1)

normal sinus rhythm; (2) history of CHF within at least 6

months before the study; (3) no history of coronary artery

disease, and no significant coronary artery stenoses with a

lumen reduction of C50 % detected by CAG or multislice

computed tomography coronary angiography. Patients

were excluded from the study if they had primary valvular

heart disease or any known cause of dilated cardiomyop-

athy. Patients continued on maintenance medications,

including diuretics and b-blockers. All vasodilators,

including calcium-channel blockers, angiotensin-convert-

ing enzyme inhibitors, or angiotensin II type 1 receptor

blockers, were withheld for more than 24 h before the

study. No patient was on nitrates treatment. Among the

healthy volunteers, none had known cardiovascular dis-

ease, hypercholesterolemia, and diabetes mellitus, and two

patients had a history of hypertension. These two hyper-

tensive patients were stage I according to the criteria

established by the Joint National Committee VII; no patient

was using antihypertensive medication. All participants

were in the fasting state for at least 6 h before the study.

Patients and controls were randomly divided into two

groups: the ANP group (4 patients with CHF and 4 con-

trols) and the NTG group (4 patients with CHF and 2

controls). The study was approved by the hospital ethical

committee (Osaka Social Medical Center), and informed

consent was obtained from all participants before the study.

Acquisition of MRI data

Coronary MRI was performed by using a 3.0 T MRI unit

(Achieva; Philips Medical Systems, Best, the Netherlands)

with a 6-channel cardiac coil. First, free-breathing

turbo gradient echo whole-heart coronary MRA images

were acquired [14–16]. In brief, initial survey images were

focused around the heart, and the reference images were

then obtained for sensitivity of parallel imaging. Transaxial

cine MR images were then acquired using a steady-state

free precession sequence while breathing freely (repetition

time, 2.6 ms; echo time, 1.3 ms; flip angle, 60�; field of

view, 320 9 320 9 120 mm; acquisition matrix, 128 9

128; cardiac phases, 100; SENSE factor, 3.0 in the anter-

oposterior direction; imaging time, 3 s) to determine the

trigger delay time when the motion of the right coronary

artery (RCA) is minimum. Patient-specific acquisition

windows were set during either the diastolic or the systolic

phase, depending on the phase of minimal motion of the

RCA. Coronary MRA was performed while patients were

free-breathing by using a three-dimensional, segmented

k-space turbo gradient echo sequence with T2 preparation

and radial k-space sampling in Y–Z plane (repetition time

4.5 ms, echo time 2.1 ms, flip angle 20�, number of exci-

tations 1, navigator gating window of ±2.0 mm with dia-

phragm drift correction, field of view 320 9 320 mm,

acquisition matrix 256 9 256, reconstruction matrix 512 9

512, resulting in an acquired spatial resolution of 1.25 9

1.25 9 1.6 mm reconstructed to 0.625 9 0.625 9 0.8 mm).

Diaphragm drift due to irregular respiration was corrected
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automatically by the diaphragm drift correction system

attached to the MR system.

For quantitative analysis of coronary vasodilation and

flow velocity, the cross-sectional RCA images were used.

For that purpose, cross sections perpendicular to the linear

portion of the proximal to mid-RCA obtained from whole-

heart coronary MRA images, using double-oblique tech-

nique, were determined (Fig. 1). Then, multiple (typically

eight) contiguous high-resolution cross-sectional images

were acquired with a segmented turbo gradient echo

sequence during free breathing with a right hemidiaphragm

navigator (repetition time 3.7 ms, echo time 1.3 ms, flip

angle 20�, number of excitations 3, navigator gating win-

dow of ± 2.0 mm with diaphragm drift correction, field of

view 200 9 200 mm, acquisition matrix 224 9 224,

reconstruction matrix 512 9 512, resulting in an acquired

spatial resolution of 0.89 9 0.89 9 2.5 mm reconstructed

to 0.39 9 0.39 9 2.5 mm).

Then, to measure coronary flow velocity, a segmented

k-space phase-contrast turbo gradient echo sequence with

symmetric bipolar gradient during breath-holding (repeti-

tion time 5.9 ms, echo time 3.7 ms, flip angle 10�, velocity

encoding 50 cm/s, number of excitations 2, field of view

200 9 200 mm, acquisition matrix 128 9 128, recon-

struction matrix 256 9 256, resulting in an acquired spatial

resolution of 1.56 9 1.56 9 6.0 mm reconstructed to 0.78

9 0.78 9 6.0 mm) was used [13].

MRI data analysis

The reconstructed data were transferred to a workstation

(Virtual Place; AZE, Tokyo, Japan) for postprocessing. As

described above, the cross-sectional RCA images were

used for quantitative analysis of coronary vasodilation. The

slice with the most circular cross section was identified on

the baseline (predrug infusion) images. The corresponding

slices (during drug infusion, and 15 and 30 min after

stopping infusion) were carefully matched according to the

surrounding cardiac and chest wall structures. Then all the

images were pooled and randomized, and no patient

information was provided on the images. All MR images

were analyzed by the same cardiologist who was unaware

of patients’ clinical data. Images were magnified twofold,

and CSAs of the RCA were manually traced.

We then measured the peak coronary flow velocity of

the RCA. Regions of interest with an area of 2 9 2 pixels

were placed in the center of the vessel on the flow images

for each cardiac phase. The average flow velocity (cm/s)

of this region of interest was determined for each phase.

The highest value was used for the determination of peak

flow velocity (Fig. 2) [13]. To evaluate interobserver and

intraobserver variabilities, two independent observers

determined the CSAs and peak flow velocity of 20 ran-

domly selected images, and the same observer repeated

the examination after 1 week. Both observers were

Fig. 1 Coronary magnetic resonance angiography (MRA) images of

the right coronary artery (RCA) for the quantitative analysis of

coronary vasodilation. a Whole-heart coronary MRA image shows

the linear portion of the proximal to mid-RCA. b Cross sections

perpendicular to the linear portion of the proximal to mid-RCA

obtained from the whole-heart coronary MRA image are determined
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cardiologists with 3 years of experience in cardiac imag-

ing, and they were blinded to each other’s results and to

clinical data.

Study protocol

Subjects were placed in supine position in the magnet with

surface coil placed over the anterior chest. All subjects

underwent continuous heart rate and vector electrocardio-

graphic monitoring, and their blood pressure was measured

every 5 min. After placement of catheters into bilateral

cubital veins, a 15-min period was allowed for hemody-

namic stabilization. First, whole-heart coronary MRA

images were acquired. Subsequently, baseline cross-sec-

tional coronary MRA scans (eight slices) and coronary

blood flow velocity with a phase-contrast turbo gradient

echo technique were obtained. ANP (Carperitide; Daiichi-

Sankyo, Tokyo, Japan) was prepared by dissolving it in 5

% glucose solution, and NTG (Millisrol; Nippon Kayaku,

Tokyo, Japan) was diluted in saline. After obtaining

baseline images, ANP or NTG infusion was started at a rate

of 0.03 lg/kg/min (the ANP group) or 0.3 lg/kg/min (the

NTG group) over 15 min via a cubital vein by an infusion

pump, according to the previous report [9]. We then per-

formed cross-sectional coronary MRA and determined the

phase-contrast blood flow velocity in the same in-plane

slice during drug infusion for 15 min and at two subsequent

time points after stopping drug infusion (15 and 30 min

after stopping infusion). At each point (baseline, during

drug infusion, 15 min after stopping infusion, 30 min after

stopping infusion), blood pressure and heart rates were

recorded and blood samples were withdrawn from the

opposite cubital vein of drug infusion. The study protocol

is shown in Fig. 3.

Plasma samples and determination of plasma levels

of ANP, renin, and aldosterone

To evaluate changes in plasma levels of ANP, renin, and

aldosterone, blood samples were withdrawn at each step

of the image acquisition. Blood samples for the assay of

plasma ANP were collected in tubes containing ethy-

lenediamine tetraacetic acid and aprotinin (3000 U), and

those for renin and aldosterone were collected in tubes

Fig. 2 Magnetic resonance phase-contrast coronary flow images of

the RCA for the quantitative analysis of coronary flow velocity.

a Regions of interest were placed in the center of the vessel on the

flow images for each cardiac phase. b The average flow velocity (cm/s)

of this region of interest was determined for each phase. The highest

value was used for the determination of peak flow velocity
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containing EDTA/2Na. These blood samples were

immediately centrifuged at 3000 9 g for 15 min at 4 �C.

The plasma was then carefully removed and immediately

stored at -20 �C until further assay. Plasma levels of

ANP, renin, and aldosterone were measured at BML

(Saitama, Japan).

Statistical analysis

The results were expressed as mean ± standard deviation

(SD). Statistical analysis comparing the two groups was

performed with unpaired two-tailed Student’s t test or with

Mann–Whitney test when the variance was heterogeneous.

Statistical comparisons among the three groups were per-

formed by one-way analysis of variance (ANOVA) and

post hoc multiple comparisons using Fisher’s test. Time-

course data were analyzed with two-way repeated-

measures ANOVA. If the global tests showed a significant

difference, Fisher’s test for multiple comparisons was

performed for data collected over a long period of time.

Categorical variables were compared by Fisher’s exact test.

Intraobserver and interobserver variability were analyzed

by calculating both the percentage of the absolute differ-

ence between the two measurements divided by the mean

of the measurements as well as the correlation coefficient.

P values of less than 0.05 were considered statistically

significant.

Results

Baseline characteristics

The characteristics of patients and control subjects are

shown in Table 1. Patients with CHF were significantly

older than control subjects (P \ 0.0001). The average

ejection fraction in patients with CHF was 35 ± 7 %. The

medications before study were as follows: b-blockers (7

patients), calcium-channel blockers (2 patients), and

angiotensin-converting enzyme inhibitors or angiotensin II

type 1 receptor blockers (3 patients).

Effect of ANP or NTG infusion on hemodynamic

and neurohumoral variables

All subjects completed the study without any complica-

tions. As shown in Table 2, intravenous infusion of ANP

and NTG decreased systolic blood pressure slightly but not

significantly (P = 0.437). The heart rate was unchanged

after ANP infusion, but NTG caused a statistically signif-

icant increase in heart rate (P \ 0.05).

The ANP group showed a significant increase in plasma

ANP levels at 15 min after ANP infusion compared with

that at the baseline, and a subsequent decrease from 15 min

after stopping ANP infusion; further, plasma ANP levels

returned to those at the baseline by 30 min after stopping

ANP infusion (ANP group: baseline, 32 ± 26; during drug

infusion, 482 ± 124; 15 min after stopping infusion, 67 ±

31; 30 min after stopping infusion, 44 ± 33 pg/ml;

ANOVA, P\0.0001). The increase in plasma ANP levels

did not differ between patients with CHF and controls.

However, the NTG group did not show an increase in

plasma ANP levels during the study. Plasma renin and

aldosterone levels and aldosterone/renin ratio were not

significantly changed in both the ANP and NTG groups.

Effects of either ANP or NTG on epicardial coronary

vasodilation and peak flow velocity

The coronary area measurements had an intraobserver var-

iability of 2.5 % ± 1.3 %, with a correlation of 0.99, and an

interobserver variability of 4.7 % ± 1.9 %, with a correlation

of 0.99. Regarding peak flow velocity, the intraobserver

variability was 2.2 % ± 1.7 %, with a correlation of 0.99, and

the interobserver variability was 3.5 % ± 1.8 %, with a

correlation of 0.99. The time course of the coronary CSA and

the peak flow velocity responses to either ANP or NTG

infusion are shown in Table 3. Because of large individual

variations in both the values (see SD in Table 3), the values

were calculated as percentage changes from the baseline (the

ratio of the CSA or peak flow velocity at the point during drug

infusion and at the subsequent two time points after stopping

drug infusion to those at baseline). The percentage changes

Fig. 3 Study protocol. Open

circles cross-sectional coronary

MRA. Closed circles phase-

contrast coronary flow velocity.

ANP atrial natriuretic peptide,

NTG nitroglycerin
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in CSA and peak flow velocity are shown in Fig. 4. In the

NTG group, a significant increase in CSA was observed at 15

min after NTG infusion compared with that at baseline, and a

subsequent decrease from 15 min after stopping NTG infu-

sion onward (during drug infusion, 1.25 ± 0.10; 15 min after

stopping infusion, 1.17 ± 0.09; 30 min after stopping infu-

sion, 1.10 ± 0.07; compared with the baseline, ANOVA: P\
0.0001). However, a late increase in CSA was observed in the

ANP group at 15 min after stopping ANP infusion, and a

subsequent decrease from 30 min after stopping ANP infu-

sion (during drug infusion, 1.15 ± 0.09; 15 min after stop-

ping infusion, 1.23 ± 0.10; 30 min after stopping infusion,

1.17 ± 0.08; compared with the baseline, ANOVA: P \
0.0001). However, the peak ratio of CSA did not differ

between the NTG and ANP groups. By contrast, no signifi-

cant differences were found in the time course of the peak

flow velocity, although there was a trend of decreasing

velocity after drug infusion in both the NTG (ANOVA, P =

0.687) and ANP (ANOVA, P = 0.292) groups. The repre-

sentative coronary cross-sectional images at each point

(baseline, during drug infusion, 15 min after stopping infu-

sion, and 30 min after stopping infusion) for each patient

infused with either ANP or NTG are shown in Fig. 5.

Discussion

To the best of our knowledge, this is the first study to

investigate the changes in the epicardial coronary artery

size and flow velocity in response to intravenous infusion

of ANP or NTG by using coronary 3 T MRI, in patients

with CHF in the stable chronic phase and in healthy sub-

jects. In both the ANP and NTG groups, significant

increases in the coronary CSA were observed at 15 min

after drug infusion compared with that at baseline, although

a late peak at 15 min after stopping infusion was found in

the ANP group. After stopping drug infusion, subsequent

decreases in the CSA were also observed. By contrast,

significant differences in the time course of the maximum

flow velocity were not detected, although there was a trend

of decreasing velocity after drug infusion in both groups.

Furthermore, although NTG caused a statistically signifi-

cant increase in the heart rate after infusion, the heart rate

in the ANP group was unchanged during the study period.

Thus far, there have been several quantitative studies on

epicardial coronary artery size and coronary blood flow in

response to intravenous infusion of ANP using invasive

CAG or Doppler flow catheters. Chu et al. [8] reported that

bolus injection of ANP caused sustained proximal epicar-

dial coronary dilation that did not increase further after a

subsequent injection of NTG. Moreover, they showed that

coronary flow was not significantly increased after ANP

injection, indicating that the proximal coronary dilation

was a direct effect induced by ANP and was not secondary

to flow-mediated changes [8, 17]. Egashira et al. [9] also

showed that a clinical dose of ANP by intravenous infusion

dilated the epicardial coronary arteries and increased the

estimated coronary blood flow despite no change in the

Table 1 Baseline characteristics

All (n = 14) ANP group (n = 8) NTG group (n = 6)

CHF

(n = 8)

Control

(n = 6)

CHF

(n = 4)

Control

(n = 4)

CHF

(n = 4)

Control

(n = 2)

Age (years) 57 ± 6 38 ± 6 55 ± 9 38 ± 7 58 ± 3 38 ± 6

Male, n 8 (100 %) 6 (100 %) 4 (100 %) 4 (100 %) 4 (100 %) 2 (100 %)

Hypertension, n 4 (50 %) 2 (33 %) 3 (75 %) 1 (25 %) 1 (25 %) 1 (33 %)

Hypercholesterolemia, n 3 (38 %) 0 (0 %) 2 (50 %) 0 (0 %) 1 (25 %) 0 (0 %)

Diabetes mellitus, n 0 (0 %) 0 (0 %) 0 (0 %) 0 (0 %) 0 (0 %) 0 (0 %)

Smoking, n 6 (75 %) 0 (0 %) 2 (50 %) 0 (0 %) 4 (100 %) 0 (0 %)

Cause of CHF

Dilated cardiomyopathy, n 4 (50 %) – 1 (25 %) – 3 (75 %) –

Hypertensive heart disease, n 4 (50 %) – 3 (75 %) – 1 (25 %) –

Ejection fraction (%) 35 ± 7 – 38 ± 9 – 33 ± 5 –

Medications

b-blockers, n 7 (88 %) – 3 (75 %) – 4 (100 %) –

Calcium-channel blockers, n 2 (25 %) – 0 (0 %) – 2 (50 %) –

ACE inhibitors/ARB, n 3 (38 %) – 2 (50 %) – 1 (25 %) –

All values are presented as mean ± SD or as number of patients (percentage)

ANP atrial natriuretic peptide, NTG nitroglycerin, CHF congestive heart failure, ACE angiotensin-converting enzyme, ARB angiotensin II type 1

receptor blockers
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flow velocity. However, their studies did not include

patients with recent heart failure as well as healthy sub-

jects, because the study population consisted of patients

who were clinically judged as requiring invasive CAG.

Nevertheless, our present findings, including those of

patients with CHF, that intravenous infusion of ANP

dilates the epicardial coronary artery and the effect of

vasodilation induced by ANP is not inferior to that of NTG,

are in agreement with the previous findings. However,

the results of studies examining the effects of ANP on the

coronary blood flow have been conflicting [8, 9, 18]. The

different responses may have been influenced by different

conditions and different protocols for ANP infusions.

The mechanism of the vasodilation effect of ANP is not

fully understood. The vasodilating activities of ANP and

NTG are endothelium independent, and these drugs are

believed to stimulate guanylate cyclase in the cell mem-

brane, resulting in increased intracellular cyclic guanosine

monophosphate (cGMP) and relaxation of vascular smooth

muscle cells [19–22]. ANP activates the particulate guan-

ylate cyclase, while NTG activates soluble guanylate

cyclase [23]. Chu et al. [8] reported that the time course of

proximal coronary dilation was related more closely to the

time course of increase in plasma cGMP level than to that

of plasma ANP. Recently, it has been revealed that cGMP

is generated by two different pathways: by stimulating

nitric oxide synthase to generate nitric oxide and activate

soluble guanylate cyclase, or by natriuretic peptide acti-

vation of particulate guanylate cyclase [24–26]. In the

present study, discordance between the duration of

Table 2 Effect of ANP or NTG infusion on hemodynamic and neurohumoral variables in CHF patients and controls

ANP group (n = 8) NTG group (n = 6)

Baseline Drug

infusion

15 min after

stop

30 min after

stop

Baseline Drug

infusion

15 min after

stop

30 min after

stop

Systolic blood pressure (mmHg)

All 124 ± 17 119 ± 16 116 ± 17 118 ± 15 124 ± 17 117 ± 18 121 ± 21 123 ± 11

CHF 131 ± 16 122 ± 16 119 ± 19 121 ± 16 128 ± 18 113 ± 20 114 ± 22 119 ± 8

Controls 117 ± 17 116 ± 18 114 ± 18 115 ± 16 115 ± 16 127 ± 4 136 ± 8 132 ± 11

Diastolic blood pressure (mmHg)

All 75 ± 11 70 ± 9 71 ± 11 73 ± 11 68 ± 8 70 ± 12 70 ± 16 69 ± 9

CHF 80 ± 12 75 ± 10 73 ± 13 77 ± 12 72 ± 6 74 ± 14 75 ± 18 74 ± 6

Controls 70 ± 8 65 ± 5 69 ± 10 70 ± 11 60 ± 0 64 ± 8 60 ± 0 60 ± 0

Heart rate (beats/min)

All 67 ± 9 68 ± 10 66 ± 11 67 ± 10 65 ± 3 73 ± 5* 67 ± 7 65 ± 6

CHF 64 ± 8 63 ± 7 62 ± 8 62 ± 7 66 ± 3 75 ± 5 70 ± 7 67 ± 6

Controls 70 ± 11 72 ± 11 71 ± 12 72 ± 10 64 ± 1 69 ± 1 62 ± 1 60 ± 0

ANP (pg/ml)

All 32 ± 26 482 ± 124� 67 ± 31 44 ± 33 20 ± 14 20 ± 12 19 ± 10 20 ± 12

CHF 45 ± 33 496 ± 174 88 ± 26 55 ± 34 15 ± 5 16 ± 4 16 ± 5 17 ± 7

Controls 19 ± 9 467 ± 71 46 ± 18 20 ± 21 30 ± 24 28 ± 21 26 ± 18 26 ± 20

Renin (ng/ml/h)

All 3.9 ± 3.3 4.0 ± 3.2 3.1 ± 1.8 3.0 ± 1.5 2.1 ± 0.4 2.9 ± 1.4 2.3 ± 0.8 2.4 ± 1.1

CHF 4.8 ± 4.8 5.1 ± 4.4 3.7 ± 2.5 3.5 ± 2.2 2.2 ± 0.3 3.3 ± 1.6 2.5 ± 0.9 2.6 ± 1.3

Controls 2.9 ± 0.9 2.9 ± 0.7 2.6 ± 0.8 2.5 ± 0.3 2.0 ± 0.7 2.1 ± 0.9 2.0 ± 0.6 2.1 ± 0.9

Aldosterone (pg/ml)

All 15.3 ± 16.2 13.6 ± 13.6 12.7 ± 14.5 11.4 ± 8.0 10.6 ± 4.8 12.1 ± 7.9 16.1 ± 14.4 12.9 ± 8.6

CHF 19.9 ± 23.4 18.0 ± 19.4 17.3 ± 20.7 12.8 ± 11.3 10.8 ± 6.1 13.8 ± 9.6 20.7 ± 16.1 15.4 ± 10.0

Controls 10.8 ± 2.5 9.2 ± 1.0 8.1 ± 1.9 10.0 ± 3.8 10.1 ± 1.2 8.8 ± 1.1 6.8 ± 0.8 8.1 ± 1.6

Aldosterone/renin ratio

All 5.2 ± 4.2 5.1 ± 4.4 4.7 ± 3.5 4.7 ± 2.9 5.2 ± 2.4 4.3 ± 2.5 7.5 ± 7.0 5.2 ± 2.6

CHF 6.7 ± 5.9 6.8 ± 6.0 6.1 ± 4.9 5.3 ± 4.1 5.2 ± 3.0 4.2 ± 3.1 9.3 ± 8.2 5.7 ± 3.2

Controls 3.8 ± 0.6 3.3 ± 1.0 3.2 ± 0.5 4.0 ± 1.6 5.2 ± 1.3 4.6 ± 1.6 3.7 ± 1.6 4.2 ± 1.1

All values are presented as mean ± SD. For abbreviations, see Table 1

* P \ 0.05 versus baseline
� P \ 0.0001 versus baseline
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epicardial coronary dilation and the duration of plasma

ANP elevation was observed. Perhaps the direct effects of

ANP on the epicardial coronary arteries were similar to

those of nitrates, but developed more gradually and were

not accompanied by significant changes in systemic

hemodynamics. We believe that this finding would be a

valuable link between the pharmacology of ANP or NTG

and its clinical relevance.

There is a crucial and important clinical implication in

the present study. A noninvasive assessment of coronary

vasodilation and flow velocity with coronary MRI may be

useful for investigating the serial changes of coronary

function in response to various therapeutic interventions, in

a different study population including healthy subjects.

Furthermore, our method may have potential value in

understanding the relationship between coronary vasodi-

lation and coronary flow by using noninvasive MRI. In

addition, MRI allows us to analyze not only coronary

vasoreactivity but also left ventricular systolic and diastolic

function [27, 28]. The combination of coronary artery

vasodilation, blood flow, and left ventricular function

visualized using MRI will be useful for determining the

pathophysiological mechanisms of human heart disease.

Limitations

This study has several limitations. First, the number of

patients with CHF included in this study was very small. In

addition, we examined two kinds of disease (dilated

Fig. 4 Time course of

percentage changes of cross-

sectional area and peak flow

velocity in the ANP and NTG

groups. NS not significant

Table 3 Effects of either ANP or NTG on epicardial coronary vasodilation and peal flow velocity in CHF patients and controls

ANP group (n = 8) NTG group (n = 6)

Baseline Drug

infusion

15 min after

stop

30 min after

stop

Baseline Drug

infusion

15 min after

stop

30 min after

stop

Cross-sectional area (mm2)

All 22.8 ± 11.6 25.8 ± 11.8 27.5 ± 12.5 26.3 ± 12.3 22.8 ± 5.1 28.7 ± 8.0 27.0 ± 7.7 24.9 ± 5.8

CHF 19.0 ± 5.0 23.2 ± 6.1 24.1 ± 6.6 22.4 ± 4.5 22.5 ± 5.2 27.9 ± 8.8 26.0 ± 7.9 24.2 ± 5.1

Controls 26.5 ± 15.9 28.4 ± 16.4 30.9 ± 17.1 30.1 ± 17.2 23.2 ± 7.1 30.4 ± 8.9 28.9 ± 9.9 26.4 ± 9.0

Peak flow velocity (cm/s)

All 15.6 ± 4.2 15.7 ± 3.6 13.9 ± 3.8 14.9 ± 4.1 17.1 ± 4.2 15.3 ± 4.7 14.4 ± 5.1 14.5 ± 4.3

CHF 16.2 ± 2.7 14.8 ± 3.9 13.0 ± 4.0 13.8 ± 4.1 18.1 ± 3.2 14.6 ± 3.5 14.5 ± 5.7 15.3 ± 5.3

Controls 15.0 ± 5.7 16.7 ± 3.5 14.8 ± 4.0 16.1 ± 4.3 15.0 ± 6.5 16.6 ± 8.3 14.4 ± 5.7 13.0 ± 1.3

All values are presented as mean ± SD. For abbreviations, see Table 1
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cardiomyopathy and hypertensive heart disease) in patients

with nonischemic heart failure. By contrast, our study

population did not contain patients with coronary artery

disease. It is unknown whether ANP can reduce ischemia

by dilation of the stenotic epicardial coronary arteries,

leading to favorable redistribution of flow to the ischemic

subendocardium. Further studies are needed to assess the

clinical efficacy of ANP as a coronary dilator in the

treatment of coronary artery disease. Second, for quanti-

tative analysis of coronary vasodilation, only the cross-

sectional RCA images were used. RCA measurements by

MRA have shown good reproducibility [12, 29]. Further

improvements in coronary MRA should allow quantitative

analysis of the left coronary artery. Finally, we were able to

assess only the peak flow velocity, not the mean flow

velocity. Therefore, the coronary flow volume could not be

calculated in this study.

Conclusions

This study shows that in both the patients with CHF in the

stable chronic phase and the healthy subjects, the effect of

ANP on the epicardial coronary artery vasodilation was not

inferior to those of NTG, with no significant alteration in

heart rate. This noninvasive assessment of coronary vaso-

dilation and flow velocity with coronary MRI appears to be

a promising tool for investigating the serial changes of

coronary function in response to various therapeutic

interventions, in different study populations, including

healthy subjects.
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