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Diagnostic accuracy of stress myocardial
perfusion MRI and late gadolinium-enhanced
MRI for detecting flow-limiting coronary artery
disease: a multicenter study

Abstract The aim of this study was to
determine the diagnostic performance
of stress and rest perfusion magnetic
resonance imaging (MRI) and late
gadolinium-enhanced (LGE) MRI for
identifying patients with obstructive
coronary artery disease (CAD). A total
of 50 patients with suspected CAD
underwent stress-rest perfusion MRI,
followed by LGE MRI with a 1.5-T
system. Stress-rest perfusion MRI
resulted in an area under the receiver-
operating characteristic curve (AUC)

of 0.92 for observer 1 and 0.84 for
observer 2 with sensitivity and spec-
ificity of 89% (32/36) and 79%
(11/14) by observer 1, 83% (30/36)
and 71% (10/14) by observer 2,
respectively, showing a moderate in-
terobserver agreement (Cohen’s κ=
0.49). While combination of stress-
rest perfusion and LGE MRI did not
result in improved accuracy for the
prediction of flow-limiting obstructive
CAD (AUC 0.81 for observer 1 and
0.80 for observer 2), the sensitivity
was increased to 92% in both obser-
vers with a substantial interobserver
agreement (κ=0.70). Stress-rest myo-
cardial perfusion MRI is an accurate
diagnostic test for identifying patients
with obstructive CAD.
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Introduction

In spite of the recent progress in noninvasive visualization
of coronary artery trees using multidetector computed
tomography and magnetic resonance imaging (MRI) [1–4],
myocardial perfusion imaging is remaining as an important
part of the assessment of patients with ischaemic heart
disease. Myocardial perfusion is evaluated by single
photon emission computed tomography in most patients
today; however, this technique exposes patients to radiation
and its diagnostic accuracy is sometimes limited by

relatively low spatial resolution and artifacts from photon
scatter and tissue attenuation.

First-pass contrast–enhanced MRI of the myocardium
has emerged as a noninvasive method that can allow
accurate assessment of myocardial ischaemia caused by
flow-limiting stenosis without radiation [5–8]. Sensitivities
of 81–93% and specificities of 68–90% have been reported
for stress first-pass perfusion MRI in the detection of
clinically significant coronary artery disease (CAD) as
defined at coronary angiography [9–17]. However, to the
best of out knowledge, there are only three multicenter

K. Kitagawa . H. Sakuma (*) .
M. Nagata . K. Takeda
Department of Radiology,
Mie University Hospital,
2–174 Edobashi,
Tsu, Mie, 514–8507, Japan
e-mail: sakuma@clin.medic.mie-u.ac.jp
Tel.: +81-59-2315029
Fax: +81-59-2328066

S. Okuda . A. Tanimoto .
S. Kuribayashi
Department of Radiology,
Keio University School of Medicine,
Tokyo, Japan

M. Hirano
Department of Internal Medicine,
Tokyo Medical University,
Tokyo, Japan

M. Matsusako
Department of Radiology,
St. Luke’s International Hospital,
Tokyo, Japan

K. Kitagawa . J. A. C. Lima
Division of Cardiology,
Department of Medicine,
Johns Hopkins University,
Baltimore, MD, USA



studies demonstrating the diagnostic performance of first-
pass perfusion MRI for the detection of CAD [12–14].
Moreover, none of the three studies included late gadolin-
ium-enhanced (LGE) MRI in the analysis. The purpose of
this multicenter study was to prospectively determine the
diagnostic accuracy of stress-rest perfusion MRI and LGE
MRI in detecting flow-limiting obstructive CAD using
conventional coronary angiography as a reference standard.

Materials and methods

Patients

This prospective multicenter trial was performed at three
clinical sites, with ethics committee approval in each site.
Written informed consent was obtained from all patients. A
total of 50 patients with known or suspected CAD who met
the following inclusion and exclusion criteria were
enrolled. The number of patients from each clinical site
enrolled was 29, 10, and 11, respectively. The study group
included 36 men and 14 women aged 41–83 years (mean
age 65.4±9.4). Patient demographics were summarized in
Table 1. Patients were included in the study if (1) they were
scheduled for cardiac catheterization with suspect of
current obstructive coronary artery stenosis based on
clinical symptom and/or positive stress test and (2) there
was no contraindication to contrast-enhanced MRI. Pa-
tients were excluded if they were medically unstable, had
contraindications for adenosine triphosphate (ATP) stress
(i.e., second- or third-degree A-V block, sick sinus
syndrome, known hypersensitivity to ATP). Patients with
clinical myocardial infarction by history or medical record

and those who had previously undergone coronary artery
bypass graft surgery were excluded.

MRI protocol

MRI was performed using 1.5-T systems of the same
manufacturer. Three institutions had a different model (CV/i,
Twinspeed, Echospeed, GE Medical Systems, Milwaukee,
Wis., USA), but all of them had similar imaging capability
with the same software version and pulse sequences.
Systems were equipped with gradient strength of 33–
40 mT/m; slew rate of 120–150 T/m/s and a four-element
phased-array coil. Patientswere advised towithdraw caffeine
intake for 24 h prior to the test. A 20-gauge catheter was
inserted into an antecubital vein for contrast agent injection
and a 22-gauge catheter into an antecubital vein of the other
arm for pharmacologic stress agent administration.

First-pass contrast-enhanced MR images were obtained
during pharmacologic stress and in the resting state with an
ECG-gated saturation-recovery steady-state free precession
(SSFP) perfusion sequence [18]. The sequence consisted of a
non-section-selective 90° saturation pulse and a single-shot
SSFP image acquisition with sequential k-space sampling.
The following parameter settings were used in all institu-
tions: 3.0/1.2/250 [repetition time (ms)/echo time (ms)/
inversion time (ms)]; inversion time represents time between
saturation pulse to the center of acquisition window); flip
angle 45°; band width of 64 kHz; 340–380mm field of view;
128×96 matrix; 8-mm thick sections; a phase FOV factor of
0.75; and a voxel size of 72 mm3 (3 mm×3 mm×8 mm).
Four to six short-axis images of the left ventricle were
obtained for every other heartbeat for approximately 1 min.
For hyperemic perfusion imaging, contrast injection and
image acquisition began 3 min after the initiation of ATP
infusion (140 µg/kg/min) [19, 20]. Patients were monitored
for possible adverse event caused by ATP infusion, such as
persistent or symptomatic AV block, severe hypotension and
dyspnea. As soon as dynamic image acquisition started,
0.05 mmol/kg gadopentetate dimeglumine (Magnevist;
Schering, Berlin, Germany) was injected into the antecubital
veinwith anMRI-compatible power injector at a rate of 4ml/s,
followed by a 20-ml saline flush. The ATP infusion was then
stopped 4 min after it was initiated. Approximately 15 min
after the cessation of ATP infusion, resting (non-hyperemic)
first-pass perfusion MR images were acquired with the same
imaging parameters and dose of contrast agent. During the
first-pass imaging, patients were requested to hold their breath
as long as they could, then make shallow breathing thereafter
so that respiratory artifacts are minimized. Cardiac functional
MRI using cine SSFP sequence was also performed between
stress and rest perfusion MRI, but was not evaluated in this
study.

Subsequently, 0.05 mmol gadopentetate dimeglumine per
kilogram of body weight was administered in order to obtain
cumulative dose of 0.15 mmol/kg, which was optimized for

Table 1 Patient demographics (PCI percutaneous coronary inter-
vention)

Variables Number of patients

Patient characteristics:

Sex: male/female 36/14 (72%/28%)

Age (years) 65±9

Range (years) 41–83

Medical history:

Arterial hypertension 26/50 (52%)

Diabetes mellitus 23/50 (46%)

Hyperlipidemia 29/50 (58%)

Smoker/prior history of smoking 21/50 (42%)

Patients with previous PCI 4/50 (8%)

Coronary status:

Obstructive CAD/no obstructive CAD 36/14 (72%/28%)

Single-vessel 12/36 (33%)

Double-vessel 16/36 (44%)

Triple-vessel 8/36 (22%)
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late gadolinium-enhancement imaging. After 10 min, late
enhancement images were acquired in short-axis sections by
using an ECG-gated inversion-recovery prepared two-
dimensional (2D) fast gradient-echo MR sequence in order
to detect possible subclinical scars that otherwise remain
unrecognized. Parameters for inversion-recovery gradient-
echo sequences were as follows: 5.3/1.3/230–270 [repetition
time(ms)/echo time (ms)/inversion time (ms)]; flip angle,
25°; field of view, 340–380 mm; matrix, 256×128; and
section thickness, 5 mm. The inversion time was adjusted to
minimize the signal from normal myocardium by acquiring
several test images with different inversion times.

MRI analysis

All patient studies were collected and anonymized. Two
radiologists independently reviewed all the image datasets
without knowing patient history, including age and sex,
other imaging and laboratory study results. Prestudy
experience of observer 1 and 2 in cardiovascular MRI
was equivalent to level 3 (>300 cases, 1 year) and 2 (>150
cases, 3 months), respectively, based on the guideline
compiled by the Society the American College of Cardi-
ology Task Force [21]. Stress and rest perfusion images
were displayed side by side and visually evaluated by
manually paging the images. In addition, LGE images were
presented to assess the presence of myocardial scar. The
observers recorded the presence or absence of stress-
induced hypoperfusion using the AHA 16-segment model
with a scale of 1–5: 1 = definitely normal, 2 = probably
normal, 3 = possibly abnormal, 4 = probably abnormal, and
5 = definitely abnormal. The most apical segment in the
AHA 17-segment model was excluded from the analysis,
since evaluation of apex was impossible on the short axis
images. Analysis of the LGE MRI was also performed
based on the 16-segment model and the same five-point
scale used for perfusion MRI analysis.

Before reviewing cases for this study, these observers
completed a training session together, which consisted of a
review of ten MR studies including stress-rest perfusion
and LGE and their coronary catheterization results. These
cases were not included in the current patient population.
Through the training session, they shared the following
interpretation criteria. Stress-induced hypoperfusion was
considered present if a focal region of myocardium
showing diminished contrast enhancement was present
during stress that was not observed at rest. If similar
hypointensity was observed both during stress and at rest, it
was considered to be an artifact or scar, and absence of
stress-induced hypoperfusion was recorded. Therefore,
LGE without perfusion abnormality was interpreted as
negative for myocardial ischaemia. If hypointensity area
during stress was larger than that at rest, it was interpreted
as stress-induced ischemia with partial artifact or scar, and
presence of stress-induced hypoperfusion was recorded.

The observers also agreed on how to differentiate true
perfusion defect from subendocardial artifact. The differ-
entiation was performed on the basis of their signal
intensities, duration and distribution. Typically, signal
intensities of artifacts are lower than that of the same
region before contrast injection and appear at the time of
contrast agent inflow into the left ventricle lasting only for
a few images in the perfusion series [22–24]. In regard to
distribution, circular hypointensity regions throughout the
subendocardium of the left ventricle were considered to be
more suggestive of artifact, whereas perfusion defects
characterized by subendocardial predominance and seg-
mental distribution of coronary artery were considered to
be indicative of true perfusion defect.

Conventional coronary angiography

Conventional X-ray coronary angiography was considered
as the reference standard for the evaluation of coronary
artery stenosis. Conventional coronary angiography was
performed within 14 days of the contrast-enhanced MR
study at the same center that MR study was performed.
Images were then transferred to one of the three centers and
analysed by an observer with 20 years of experience in
coronary angiography. The observer was blinded to both
clinical as well as MR images and evaluated all epicardial
coronary artery segments with diameter of 2 mm or greater
including branches by using a workstation (Advantage
CRS and QCA package; GE Medical Systems). The
presence or absence of luminal diameter reduction of 50%
or greater on coronary angiography was recorded in the
three major coronary arteries. In order to correlate the
coronary artery distribution on coronary angiography with
myocardial perfusion abnormality on MRI, the AHA clas-
sification cross-sectional myocardial segments used for
MRI analysis were assigned to three major coronary artery
territories (left anterior descending artery, circumflex
artery, and right coronary artery) based on the coronary
artery distribution demonstrated by coronary angiography.

Statistical analysis

Statistical analyses were performed with a commercially
available statistical analysis package, SPSS 11.5 J (SPSS,
Chicago, Ill., USA). Continuous variables are expressed as
mean±SD. The efficacy of the contrast-enhanced MR
study for each reader was evaluated using receiver-
operating characteristic curve (ROC) analyses based on
the five-point scale visual assessment. Sensitivity, speci-
ficity, positive and negative predictive values, and accuracy
with the corresponding 95% confidence interval (CI) were
calculated using binary assessment as positive (score ≥3)
versus negative (score <3). Cohen’s κ statistic was used to
assess for interobserver agreement on the binary assess-

2810



ments. Combined assessment of first-pass perfusion MRI
and LGE MRI was performed based on the higher score of
the two modalities.

Results

Quantitative coronary angiography

The prevalence of obstructive CAD defined on lesions
>50% stenosis was 72% (36/50 patients). Twelve patients
had single-vessel disease, 16 patients had double-vessel
disease, and eight patients had triple-vessel disease.

Stress-rest perfusion MRI for detecting obstructive
CAD

First-pass contrast-enhanced MR images were of adequate
quality for image interpretation in all patients (Fig. 1). No

serious adverse event was reported during ATP stress.
Subendocardial dark rim artifact was observed in 40 (80%)
patients on at least one short-axis slice of stress-rest
perfusion MRI. These artifacts were differentiated from
true perfusion defect based on their characteristic signal
behavior and distribution, as discussed above. The sensi-
tivity of stress-rest first-pass perfusion MRI in the identi-
fication of patients with flow-limiting stenosis of at least
one coronary artery was 89% (32/36; 95% CI 76, 96) and
83% (30/36; 95% CI 69, 93) by observer 1 and 2,
respectively. The specificity of MRI in detecting patients
with flow-limiting stenosis in the coronary artery was 79%
(11/14; 95% CI 53, 94) by observer 1 and 71% (10/14; 95%
CI 46, 90) by observer 2 (Table 2). Cohen’s κ statistic
showed a moderate interobserver agreement (κ=0.49). The
area under the ROC curve (AUC) in this patient-based
analysis was 0.92 (95% CI 0.83, 0.99) for observer 1 and
0.84 (95% CI 0.73, 0.96) for observer 2 (Fig. 2).
Sensitivities by observer 1 and 2 were 83% (10/12; 95%
CI 56, 96) and 75% (9/12; 95% CI 47, 92), 88% (14/16;

Fig. 1a–d Comparison between MRI and conventional coronary
angiography in a 65-year-old patient. a, b Short-axis perfusion MR
series acquired with a saturation-recovery SSFP sequence (3.0/1.2;
field of view, 340 mm; matrix, 128×96; flip angle, 45°) (a) during
ATP stress and (b) at rest. Images of the same slice were shown to
demonstrate contrast wash-in and wash-out. Perfusion deficits
(arrows) were observed in the anterolateral wall and inferior wall
of the left ventricle during stress. c Short-axis LGE MR images of
the patient acquired with an inversion-recovery spoiled gradient
echo sequence (5.3/1.3; field of view, 340 mm; matrix, 256×128,

flip angle, 25°). Two focal hyperenhancements were observed in the
anterior wall and inferolateral wall. Note the much smaller size of
the late hyperenhancement compared to perfusion deficit on stress
first-pass perfusion MR images. d Right anterior oblique conven-
tional angiogram demonstrated multiple highgrade stenoses in the
diagonal branch of the left anterior descending artery and left
circumflex artery (arrows). e Left anterior oblique conventional
angiogram displayed right coronary artery with a high grade stenosis
(arrow)
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95% CI 66, 97) and 81% (13/16; 95% CI 58, 94), and
100% (8/8; 95% CI 74, 100) and 100% (8/8; 95% CI 74,
100), respectively, for the detection of single-, double-, and
triple-vessel disease.

The sensitivity and specificity of stress first-pass con-
trast-enhanced MRI for predicting flow-limiting stenosis in
the individual coronary artery were 81% (55/68; 95% CI
70, 89) and 83% (68/82; 95% CI 74, 90) by observer 1,
72% (49/68; 95% CI 61, 82) and 87% (71/82; 95% CI 78,
93) by observer 2 with a substantial interobserver
agreement (κ=0.61) (Table 3). The area under the ROC
curve in this vessel-based analysis was 0.83 (95% CI 0.77,
0.90) for observer 1 and 0.82 (95% CI 0.74, 0.89) for
observer 2 (Fig. 3).

LGE MRI for detecting obstructive CAD

Small focal areas of LGE were observed in 24 (48%) and 26
(52%) of the 50 patients by observer 1 and 2, respectively, in
spite of the exclusion of patients with clinical myocardial
infarction from the study population.When presence of LGE
was used for predicting flow-limiting coronary artery
stenosis irrespective of perfusion MRI findings, its sensitiv-
ity and specificity for detecting patients with obstructive
CADwas 56% (20/36; 95%CI 39, 71) and 71% (10/14; 95%
CI 46, 90) by observer 1, and 61% (22/36; 95% CI 45, 76)
and 71% (10/14; 95% CI 46, 90) by observer 2, respectively,
with a substantial interobserver agreement (κ=0.68). The
AUC was 0.64 (95% CI 0.46, 0.81) for observer 1 and 0.67

Fig. 2 ROC curves of stress-rest perfusion MRI for predicting
patients with flow-limiting coronary artery disease. The AUC was
0.92 for observer 1 and 0.84 for observer 2

Table 2 Diagnostic performance of stress-rest perfusion MRI for
detecting patients with flow-limiting coronary artery stenosis

Observer

1 2

Sensitivity and 95% CI (%) 89 (32/36); 76,96 83 (30/36); 69,93

Specificity and 95% CI (%) 79 (11/14); 53,94 71 (10/14); 46,90

Positive predictive value
and 95% CI (%)

91 (32/35); 79,98 88 (30/34); 74,96

Negative predictive value
and 95% CI (%)

73 (11/15); 48,90 63 (10/16); 38,83

Accuracy and 95% CI (%) 86 (43/50); 75,94 80 (40/50); 67,89

Fig. 3 ROC curves of stress-rest perfusion MRI for detecting flow-
limiting stenosis in the individual coronary artery. The AUC was
0.83 for observer 1 and 0.82 for observer 2

Table 3 Diagnostic performance of stress-rest perfusion MRI for
detecting flow-limiting stenosis in individual coronary arteries

Observer

1 2

Sensitivity and 95% CI (%) 81 (55/68); 70,89 72 (49/68); 61,82

Specificity and 95% CI (%) 83 (68/82); 74,90 87 (71/82); 78,93

Positive predictive value
and 95% CI (%)

80 (55/69); 69,88 82 (49/60); 71,90

Negative predictive value
and 95% CI (%)

84 (68/81); 75,91 79 (71/90); 70,86

Accuracy and 95% CI (%) 82 (123/150); 75,88 80 (120/150); 73,86
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(95% CI 0.51, 0.84) for observer 2 in the patient based
analysis. At the vessel level analysis, sensitivity and
specificity of LGE MRI was 32% (22/68; 95% CI 22, 44)
and 93% (76/82; 95% CI 86, 97) by observer 1, and 35%
(24/68; 95% CI 25, 47) and 93% (76/82; 95% CI 86, 97) by
observer 2, with a substantial interobserver agreement (κ=
0.74). The ROC curve analysis at the vessel level showed an
AUC of 0.62 (95% CI 0.53, 0.72) and 0.64 (95% CI 0.55,
0.73) for observer 1 and 2, respectively.

Combination of stress-rest perfusion MRI and LGEMRI
yielded sensitivity and specificity of 92% (33/36; 95% CI
79, 98) and 57% (8/14; 95% CI 32, 80) by observer 1, 92%
(33/36; 95% CI 79, 98) and 50% (7/14; 95% CI 26, 74) by
observer 2, respectively, for identifying patients with
obstructive CAD with a substantial interobserver agree-
ment (κ=0.70) (Table 4). Area under the ROC curve was
0.81 (95% CI 0.66, 0.96) and 0.80 (95% CI 0.64, 0.95) for
observer 1 and 2, respectively (Fig. 4). At the vessel level
analysis, its sensitivity and specificity was 82% (56/68;
95% CI 72, 90) and 78% (64/82; 95% CI 68, 86) by
observer 1, 75% (51/68; 95% CI 64, 84) and 79% (65/82;
95% CI 70, 87) by observer 2, respectively, with a
substantial interobserver agreement (κ=0.65) (Table 5).
Area under the ROC curve for vessel level analysis was
0.82 (95% CI 0.75, 0.89) and 0.80 (95% CI 0.73, 0.88) for
observer 1 and 2, respectively (Fig. 5).

Discussion

This study demonstrates (1) that stress-rest first-pass
perfusion MRI using SSFP technique and ATP is an
accurate diagnostic test for the detection of flow-limiting
CAD, and (2) combining presence of scar on LGEMRI can
improve sensitivity and interobserver agreement, but does
not improve the overall diagnostic performance of MRI

study when luminal narrowing on coronary angiography is
used as a reference method.

Diagnostic performance of stress-rest perfusion MRI

Recent studies showed that first-pass contrast-enhanced
MRI with vasodilator stress allows for the accurate
detection of hemodynamically significant coronary artery
stenosis [9–13, 15, 16]. However, to our knowledge, only

Fig. 4 ROC curves of combination of stress-rest perfusion MRI and
LGE MRI for predicting patients with flow-limiting coronary artery
disease. The AUC was 0.81 for observer 1 and 0.80 for observer 2

Table 4 Diagnostic performance of combination of stress-rest
perfusion MRI and LGE MRI for detecting patients with flow-
limiting coronary artery stenosis

Observer

1 2

Sensitivity and 95% CI (%) 92 (33/36); 79,98 92 (33/36); 79,98

Specificity and 95% CI (%) 57 (8/14); 32,80 50 (7/14); 26,74

Positive predictive value
and 95% CI (%)

85 (33/39); 71,93 83 (33/40); 69,92

Negative predictive value
and 95% CI (%)

73 (8/11); 43,92 70 (7/10); 39,91

Accuracy and 95% CI (%) 82 (41/50); 70,91 80 (40/50); 67,89

Table 5 Diagnostic performance stress-rest perfusion MRI and
LGE MRI for detecting flow-limiting stenosis in individual coronary
arteries

Observer

1 2

Sensitivity and 95% CI (%) 82 (56/68); 72,90 75 (51/68); 64,84

Specificity and 95% CI (%) 78 (64/82); 68,86 79 (65/82); 70,87

Positive predictive value
and 95% CI (%)

76 (56/74); 65,84 75 (51/68); 64,84

Negative predictive value
and 95% CI (%)

84 (64/76); 75,91 79 (65/82); 70,87

Accuracy and 95% CI (%) 80 (120/150); 73,86 77 (116/150); 70,83
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three multicenter studies are available. Giang et al. [13]
monitored wash-in kinetics of contrast medium using a
hybrid echo-planar pulse sequence in 94 patients (up to 27
patients per subgroup receiving the same contrast dose) at
three clinical centers. By assessing the upslope of the time-
intensity curve, single hyperemic perfusion MRI showed a
sensitivity of 93% and specificity of 75%. Wolff et al. [12]
obtained first-pass contrast-enhanced MR images in 99
patients (up to 26 patients per subgroup receiving the same
contrast dose) at three clinical sites by using a segmented
echo-planar imaging pulse sequence with a notched
saturation pulse. By visual assessment of stress and rest
perfusion MRI, the sensitivity and specificity of first-pass
contrast-enhanced MRI in detecting patients with signifi-
cant coronary stenosis were 93% and 75%, respectively.
The largest multicenter perfusion MRI study published so
far is MR-IMPACT, which included 234 patients (up to 50
patients per subgroup receiving the same contrast dose)
from 18 centeres [14]. By visual assessment, diagnostic
performance of perfusion MRI in 42 patients who received
optimal contrast dose showed similar performance as
SPECT (AUC 0.86 for MRI vs 0.75 for SPECT) [14]. In
the current study, perfusion MRI yields sensitivities and
specificities of 89% and 79% (AUC 0.92) by an observer
with CMR training level of 3, and 83% and 71% (AUC
0.84) by an observer with CMR training level of 2 for the
detection of patients with obstructive CAD. We employed
saturation-recovery SSFP sequence for MR perfusion

imaging in this study since this technique has been
shown to have better signal-to-noise and contrast-to-noise
ratio compared with spoiled gradient-echo and segmented
echo-planar techniques [25]. Although SSFP perfusion is
considered more susceptible to dark-rim artifacts, use
of SSFP sequence resulted in at least no appreciable
deterioration in diagnostic performance in our study cohort
in comparison with previous reports.

LGE MRI in the detection of obstructive CAD

LGE images obtained with inversion-recovery prepared
MR sequence permits the detection of small myocardial
scars [26]. In the current study, small areas of late
enhancement were observed in about a half of the study
population in spite of the exclusion of patients with clinical
myocardial infarction. The incidence of LGE in our study
is not surprising given the high prevalence of CAD in this
population sample. As a matter of fact, a recent population-
based study in Sweden showed that 19.8% of randomly
selected 70-year-old subjects had subclinical myocardial
infarct reflected as focal area of LGE [27].

Several studies have demonstrated that combining LGE
MRI with stress-rest perfusion MRI can improve the
sensitivity of MRI for obstructive CAD without deteriorat-
ing the specificity when only obvious myocardial infarc-
tion (i.e., LGE consistent with a coronary distribution)
were considered [28, 29]. However, correlating the
presence of LGE with flow-limiting obstructive CAD can
be inappropriate since microinfarcts may occur without
coronary artery narrowing as a result of plaque rupture/
ulceration and subsequent washout of the lipid pool with or
without additional thrombus formation into the microcir-
culation [30, 31]. As a result, the scar can be atypical for
myocardial infarction. In fact, many of the areas of LGE in
our study were small focal lesions rather than those
showing typical appearance of myocardial infarction. And
inclusion of these small focal LGE seems to be the reason
why combination of stress-rest perfusion MRI and LGE
MRI resulted in deterioration of specificity in our study.
Nevertheless, combined assessment of stress-rest perfusion
MRI and LGE MRI seems to be valuable. By adding LGE
MRI, the sensitivity was increased to 92% in both of the
two observers, reducing the chance of overlooking patients
with obstructive CAD. In addition, substantial interobser-
ver agreement was achieved with a combination of
perfusion and LGE MRI (κ=0.70) compared with
moderate agreement with perfusion MRI alone (κ=0.49),
indicating that combined assessment can be less subjective
and more independent of the observers’ experience.
Reduced specificity resulting from the combination of
LGE MRI should not be interpreted as reduced diagnostic

Fig. 5 ROC curves of combination of stress-rest perfusion MRI and
LGEMRI for detecting flow-limiting stenosis in the individual coronary
artery. The AUC was 0.82 for observer 1 and 0.80 for observer 2
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value because detection of unrecognized myocardial scar is
valuable in the management of patients with CAD, since
presence of unrecognized scar tissue has incremental
prognostic impact beyond clinical, angiographic, and
functional predictors [32].

Limitations

There are several limitations in this study. Firstly, the
number of the patients is relatively small. Reliable
estimation of specificity and negative predictive value at
the patient level was not possible due to the relatively small
number of patient population and the high prevalence of
CAD, and further investigation is required. Secondly, the
morphological assessments of CAD by quantitative coro-
nary angiography evaluated by a single observer as the
standard of reference for perfusion MRI can be a limitation
because myocardial perfusion MRI reflects the physiologic
severity of coronary artery stenosis rather than its mor-
phology. Third limitation in this study is that presence and
absence of perfusion deficits were determined solely by
visual assessment. Quantitative analysis of myocardial

perfusion MRI potentially enhances the diagnostic perfor-
mance of first-pass contrast-enhanced MRI.

Conclusions

This multicenter study demonstrated that stress-rest myo-
cardial perfusion MRI acquired with a SSFP sequence and
ATP has high sensitivity, specificity and a moderate
interobserver agreement for identifying patients with
obstructive CAD. Combination of LGE MRI is of
diagnostic value since sensitivity and interobserver agree-
ment of stress-rest perfusion MRI can be improved. Further
investigation is required to determine the specificity and
negative predictive value of stress-rest perfusion MRI,
LGE MRI and combination of the two.

Open Access This article is distributed under the terms of the
Creative Commons Attribution Noncommercial License which
permits any noncommercial use, distribution, and reproduction in
any medium, provided the original author(s) and source are credited.
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