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Purpose: To evaluate the technical performance of stress myocardial perfusion mag-
netic resonance (MR) imaging using saturation-recovery steady-state free precession
(SR- SSFP) and to assess the diagnostic accuracy of this examination for depiction of
significant coronary artery stenosis.  
Materials and Methods: 167 patients underwent stress myocardial perfusion MR imag-
ing at rest and adenosine-induced stress by using a 1.5-T cardiac MR imaging unit. The
first-pass MR perfusion was performed using SR-SSFP sequence. Coronary angiogra-
phy was performed in 113 patients. Image analysis was performed to compare the di-
agnostic accuracy of MR imaging with that of coronary angiography.
Results: During the MR examination, minor side effects of adenosine-induced stress
occurred, most commonly chest discomfort (29%), followed by dyspnea (4%), and fa-
cial flushing (0.8%). The overall sensitivity of MR imaging for depicting at least one
coronary artery with significant stenosis was 91%. The sensitivities of MR imaging for
depiction of stenoses were as follows: 80% for single-vessel stenosis, 81% for double-
vessel stenosis, and 100% for triple-vessel stenosis.. The specificity of MR imaging for
identification of patients with significant coronary artery stenosis was 78%.
Conclusion: Stress myocardial magnetic resonance (MR) perfusion imaging using SR-
SSFP sequence is safe and useful for the detection of significant coronary artery dis-
ease.
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Coronary artery disease (CAD) remains the leading
cause of death worldwide (1). Catheter-based radi-
ographic angiography is the gold standard in diagnosing
coronary artery disease. However, this technique has
many disadvantages, including associated morbidity, ra-
diation exposure, need for a potentially nephrotoxic con-
trast agent, and high costs. Such disadvantages favor a
noninvasive alternative. Single photon emission com-
puted tomography (SPECT) is widely used for myocar-
dial perfusion in clinical practice, with sensitivities as
high as 83% to 95% and specificities ranging from 53%
to 95% (2-4).

However, the major drawbacks in the use of SPECT
are low spatial resolution and the occurrence of attenua-
tion artifacts, which can be found at the anterior wall in
obese women with large breasts and at the inferior wall
in men due to respiratory excursion (5). Although my-
ocardial perfusion can be quantitatively assessed with
PET, the technique is limited by its reduced availability.

Magnetic resonance imaging (MRI) is a developing al-
ternative to SPECT and can potentially produce perfu-
sion images with higher spatial resolution without atten-
uation artifacts and ionizing radiation. Recently, stress

perfusion MRI using saturation-recovery steady-state
free precession sequence (SR-SSFP) has been proven to
provide higher signal-to-noise and contrast-to-noise ra-
tios than fast gradient techniques (6, 7). Therefore, the
purpose of this study is to evaluate the technical perfor-
mance and assess the diagnostic accuracy of SENSE-ac-
celerated myocardial perfusion cardiac MR imaging for
the depiction of significant coronary artery stenosis. 

Materials and Methods

Study Population

This retrospective study included 167 patients, whose
medical records were retrospectively reviewed, who un-
derwent stress perfusion MRI between January 2004
and April 2005. Among them, 113 patients underwent
both coronary angiography and stress perfusion MRI.
We recruited patients who had undergone both stress
perfusion MRI and coronary angiography within the
past 30 days. A total of 113 patients were included in
this study. There were 71 men and 42 women ranging
in age from 39-82 years old (mean age was 62.1 years±
9.6 [SD] ). 
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Fig. 1. 63-year-old male with single-
vessel disease. (Fig. 1A) Coronary an-
giography shows 90% segmental
stenosis at left anterior descending
coronary artery from os to proximal
portion (arrow). (Fig. 1C, D) MR perfu-
sion imaging reveals reversible suben-
docardial perfusion defect at left ante-
rior descending coronary artery terri-
tory (arrows). 
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Patients with a history of recent myocardial infarction
(less than 2 weeks earlier), prior coronary artery bypass
graft surgery, or percutaneous coronary artery stenting
were excluded from this study. 

MR Imaging 

Patients underwent perfusion MR imaging at rest and
under stress by using a 1.5-T Intera CV release 10 car-
diac MR imaging unit (Philips Medical Systems, Best,
Netherlands) equipped with high-performance gradients
for cardiac MR imaging (maximum slew rate = 150
T/m/sec, gradient strength = 40 mT/m ) and a five-ele-
ment phased-array cardiac coil. Electrocardiographic
gating and triggering were performed using a vectorcar-
diographic method (8). To ensure minimal basal blood
flow and a maximal vasodilatory response to adenosine,
patients were instructed to refrain from smoking, tea, or
coffee, as well as ß-blockers and antianginal medica-
tion, for 24 hours before the examination. 

Fast survey images were acquired to determine the
true short axis of the left ventricle. Then, a low-spatial-

resolution reference image was acquired to serve as the
three-dimensional fast field-echo coil sensitivity map (7°
flip angle, 530×530-mm field of view, 32×26 matrix,
two stacks of 50 coronal sections) that is acquired with
use of SENSE. 

At-rest perfusion was assessed by using the segmented
k-space gradient-echo saturation-recovery T1-weighted
turbo field-echo pulse sequence. The three MR image
sections were distributed to cover the heart between the
outflow tract and the apex by adjusting the gap between
the sections. The first section covered the basal seg-
ment, the second section covered the middle segment,
and the last third section covered the apical segment. A
dynamic series of images was acquired continuously for
40 seconds, with 10 baseline images obtained during an
initial expiratory breath hold. This was followed by two
respiratory cycles and an additional breath hold that
typically lasted 20 seconds and was timed to correspond
to the interval of the first pass of the contrast material
bolus. During the inspiratory phase of the second
breath, a bolus of gadodiamide (Omniscan; GE health-
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Fig. 2. 47-year-old male patient with
two- vessel disease. (Fig. 2A) Coronary
angiography shows no significant
steno-occlusive lesion in right coro-
nary artery. (Fig. 2B) Multifocal severe
stenosis at left anterior descending and
left circumflex coronary artery is pre-
sent. Perfusion MRI at stress (Fig. 2C)
and rest (Fig. 2D) reveals partially re-
versible perfusion defect at anterior,
anterolateral, and inferolateral wall,
suggesting myocardial ischemia of left
anterior descending and left circum-
flex coronary artery territory (arrows). 
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care, U.S.A.) at a dosage of 0.1 mmol per kilogram of
body weight was injected at a rate of 4 mL/sec into an
antecubital vein using a power injector (Spectris;
Medrad, Indianola, Pa). This procedure was followed by
a 20 mL-saline flush. After 30 minutes, to allow ade-
quate clearance of the first bolus of the contrast agent,
adenosine was infused at a dose of 0.14 mg/kg body
weight/min for up to 6 minutes. During adenosine infu-
sion, electrocardiographic activity was monitored con-
tinuously, and blood pressure and heart rate measure-
ments were obtained at one- minute intervals. A second
perfusion image acquisition was commenced in the
same plane after 4 minutes of adenosine infusion with
the same acquisition sequence that was used for the at-
rest images.

Between the two perfusion image acquisitions, a mul-
tisection multiple-phase data set of 10-12 short-axis
cine images sections to cover the entire left ventricle
was acquired using a balanced steady-state free preces-
sion technique (2744/1372 msec: TR/TE, 50°flip angle,
256×256 matrix, 8-10 mm section thickness, 8-10

mm intersection gap).

Image Analysis of Stress perfusion MRI 

Two experienced investigators [one observer with 11
years of experience in cardiac MR imaging (S.I.C.), the
other observer with 3 years of experience in cardiac MR
imaging (S.Y.C.)] qualitatively evaluated MR images by
consensus without knowing clinical information or re-
sults from other studies. Rest and stress perfusion MR
images were displayed side by side on a workstation.
Perfusion MR images were evaluated by manually pag-
ing the images. Semi quantitative analysis was not per-
formed in this study. Images of the left ventricular my-
ocardium were divided into 16 segments that were de-
fined to correspond to segments 1-16 of the 17-segment
model recommended by the American Heart
Association (9). We compared the perfusion MR images
at rest and stress to differentiate artifacts from low en-
hancement caused by coronary artery stenosis.
Perfusion defect was defined to be present on stress MR
images when persistent low enhancement was observed
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Fig. 3. 84-year-old woman with three-
vessel disease. (Fig. 3A, Fig. 3B)
Coronary angiography shows focal
tight stenosis at mid- right coronary
artery and diffuse severe stenosis at
left anterior descending and left cir-
cumflex coronary artery. Perfusion
MRI at stress (Fig. 3C) and at rest (Fig.
3D) reveals a ring of reversible suben-
docardial perfusion defect at whole
vascular territory (arrows). 

C D



on at least three consecutive images from the first pass
of MR contrast agent through the myocardium. Stenotic
coronary artery disease was considered present if a my-
ocardial perfusion defect was present during stress that
was not observed at rest. A dark band or rim along the
subendocardial border of left ventricle was considered
an artifact due to Gibbs ringing if it did not remain after
passage of the bolus (10). For comparison with invasive
coronary angiography, perfusion defect segments were
related to the corresponding presumed coronary artery
territories. 

Coronary Angiography and Image Interpretation

All patients underwent conventional coronary angiog-
raphy using 5-F high-flow Judkins catheters (Cordis,
Miami, FL, U.S.A.) and images were acquired in multi-
ple projections. Coronary artery stenosis was imaged in
the center of the field from multiple projections; overlap
of side branches and foreshortening of relevant coro-
nary arteries were avoided as much as possible. After
selecting the projection that showed maximal severity,
the luminal diameter of the stenotic artery, along with
adjacent reference segments, was measured on the end-
diastolic frame. The severity of the stenosis was ex-
pressed as a percentage reduction of the internal diame-
ter in relation to the estimated diameter interpolated
from the diameters at the proximal and distal bound-
aries of the stenosis. 

Retrospective analysis of the coronary angiograms
was performed using a validated quantitative coronary
angiographic system (Philips H5000, Philips Medical
Systems, Andover, MA, USA, or Allula DCI program,
Philips Medical System, Best, The Netherlands) by an
experienced cardiologist (H.J.J., 7 years of experience),
who was uninformed as to patient history and the re-
sults of the MR examination. 

Presence of ≥70% narrowing of the left anterior de-
scending artery, right coronary artery, and left circum-
flex artery, or their major branches was considered sig-
nificant.

Statistical Analysis

Continuous variables were expressed as the mean val-
ue ±1 standard deviation. Non-continuous categorical
variables were expressed as sums and percentages.
Sensitivity, specificity, diagnostic accuracy, and positive
and negative predictive values were calculated accord-
ing to standard definitions. Statistical significance was
assumed with a P value of less than .05. All data was an-

alyzed with the use of commercially available software
(MedCalc, version 8.0.0.1, MedCalc Software,
Mariakerke, Belgium).

Results

Safety and Feasibility of stress perfusion cardiac MRI

Stress perfusion cardiac MR imaging was performed
successfully in all 113 patients without contraindica-
tions to cardiac MR imaging. During stress testing, heart
rate increased from 74±12.2 beats per minute to 83.5±
13.6 beats per minute, systolic blood pressure decreased
from 147±22.8 mmHg to 137.6±27.6 mmHg, diastolic
blood pressure decreased from 75.5±11.8 mmHg to
70.5±11.9 mmHg. Chest discomfort occurred in 33 pa-
tients (24.8 %), dyspnea occurred in 5 patients (4%), and
facial flushing occurred in one patient (0.9%). No patient
experienced life-threatening or serious adverse reactions
during pharmacological stress. Adequate image quality
for diagnosis of stress perfusion MRI was obtained in all
patients. None of the images had to be excluded because
of susceptibility or ghosting artifacts. In three of the pa-
tients, thin subendocardial susceptibility artifacts were
seen on the apical section during arrival of the contrast
material bolus in the left ventricle, but these artifacts
disappeared during myocardial enhancement. No stress
cardiac MR imaging was terminated prematurely, and
all stress perfusion MR imaging examinations were
completed within 60 minutes. 

Overall Detection of CAD

During invasive coronary angiography, 214 coronary
arteries with significant stenoses were found in 90 pa-
tients (80%), while 23 patients (20%) had no significant
stenoses. Fifteen patients had single-vessel disease, 26
had double-vessel disease, and 49 had triple-vessel dis-
ease. When compared with quantitative coronary an-
giography, the overall sensitivity of MR imaging for de-
picting at least one coronary artery with significant
stenosis was 91% (82 of 90 patients). The sensitivities of
MR imaging were 80% (12 of 15 patients) for depiction
of single-vessel stenoses, 81% (21 of 26 patients) for dou-
ble- vessel stenoses, and 100% (49 of 49 patients) for
triple -vessel stenoses. The specificity of MR imaging for
identification of patients with significant coronary
artery stenosis was 78% (18 of 23 patients). The positive
predictive value was 94.2% (82 of 87 patients), the nega-
tive predictive value was 69.2% (18 of 26 patients), and
accuracy was 88.4% (100 of 113 patients). 
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Discussion

Our results show that stress perfusion MRI using SR-
SSFP sequence is safe and useful for the detection of sig-
nificant coronary artery stenosis. Recently, Sakuma et al
(11, 12) used saturation-recovery turbo FLASH se-
quence for detecting significant stenosis. They reported
that in at least one coronary artery the sensitivity was
81.0%, specificity was 68.4%, positive predictive value
was 73.9%, negative predictive value was 76.5%, and
accuracy of stress perfusion MRI was 75.0%. 

In our study, the overall sensitivity and positive pre-
dictive value of stress perfusion MRI in depicting signifi-
cant coronary artery disease was substantially higher
than in the previous study. This result may be due to the
relatively large number of patients with three-vessel
coronary artery disease in this study (43.3% or 49 of 113
patients). With recent advances in MR imaging tech-
niques, including saturation-recovery steady-state free
precession sequence, the diagnostic capability of MR
myocardial perfusion imaging has been proven to pro-
vide high signal-to-noise ratios and contrast-to-noise ra-
tios (6, 7). Hunold et al (7) suggested that SR-SSFP se-
quence was better than fast gradient techniques for pro-
viding a delineation between ischemic and normally
perfused myocardium because of higher signal-to-noise
ratios . Previous studies using MRI have demonstrated
that alterations in myocardial perfusion can be assessed
by using MR imaging (13-15) using gradient echo se-
quence. However, previous studies were not specifical-
ly designed to study the usefulness of SR-SSFP sequence
for stress MR perfusion imaging and did not involve a
large number of patients . 

In our study, the overall sensitivity and positive pre-
dictive value of stress perfusion MRI in depicting signifi-
cant coronary artery disease was substantially higher
than those observed in previous studies. This result may
be due to the relatively large number of patients with
three-vessel coronary artery disease in this study (43.3%
or 49 of 113 patients). The higher degree of spatial reso-
lution of MR imaging using SR-SSFP enables better de-
lineation of small subendocardial ischemia and may ex-
plain the improved diagnostic performance in the detec-
tion of perfusion abnormalities. 

There are several limitations in our study. First, we
only visually analyzed stress perfusion MRI and SPECT,
and no quantitative assessment of stress perfusion MR
imaging was performed. Quantitative assessment of

stress MRI with correction for inhomogeneous coil sen-
sitivity may further improve the sensitivity and speci-
ficity of stress perfusion MR imaging. Second, our re-
sults were retrospectively analyzed in a relatively limit-
ed number of subjects with a high prevalence of coro-
nary artery disease. Further study with multi-center tri-
als is required to determine the diagnostic performances
of stress perfusion MRI using SR-SSFP sequence. 

Third, we regarded coronary angiography as the refer-
ence standard in the diagnosis of ischemic heart disease.
Coronary artery angiography can visualize the grade of
epicardial coronary stenosis; however, it cannot assess
the functional relevance of luminal obstruction or pres-
ence of collateralization with respect to end-organ perfu-
sion. Therefore, further study is required to determine
the relative diagnostic accuracy of stress perfusion MRI
when compared to stress perfusion scintigraphy such as
SPECT and PET.

In conclusion, stress myocardial magnetic resonance
perfusion imaging using SR-SSFP sequence is safe and
useful for the detection of coronary artery stenosis. 
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관상동맥협착의 진단에 있어 항정상태 자유세차운동 기법을
이용한 부하 심근 관류 자기공명영상의 유용성1

1서울의대 진단방사선과학교실, 2분당서울대학교병원 진단방사선과, 3조선의대 진단방사선과학교실, 
4분당서울대학교병원 심장내과, 5분당서울대학교병원 흉부외과

정세영·최상일2·김동훈3·장혁재4·최동주4·임 청5·이 활·박재형

목적: 관상동맥 협착의 진단에서 항정상태 자유세차운동 기법을 이용한 부하 심근 관류 자기공명영상의 유용성을

알아보고자 하였다. 

대상과 방법: 부하 및 휴식기 심근 관류 자기공명영상을 시행 받은 167명의 환자를 대상으로 하였으며, 항정상태

자유세차운동 기법을 이용하여 초기 심근관류 자기공명영상을 얻었다. 관상동맥 조영술은 113명에서 시행되었으

며, 이를 표준검사로 하여 부하 심근 관류 자기공명영상의 진단적 정확도를 평가하였다. 

결과: 아데노신 부하 심근 관류 자기공명영상을 시행하는 동안 흉부 불편감(29%), 경도의 호흡곤란(4%), 및 안면

홍조(0.8%)의 가벼운 부작용이 있었다. 적어도 한 개 이상의 의미 있는 관상동맥 협착을 가진 환자에서의 자기공

명영상의 민감도는 91%이었다. 1, 2, 3 혈관의 의미 있는 관상동맥 협착의 진단에서 자기공명영상의 민감도는80%,

81%, 100%였다. 70% 이상 관상동맥 협착을 가진 환자에게서의 자기공명영상의 특이도는 78%이었다.

결론: 관상동맥협착의 진단에서 항정상태 자유세차운동기법을 이용한 부하 심근 관류 자기공명영상 기법은 안전하

며 유용하다. 


