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Summary

Background: Cardiac magnetic resonance imaging (CMR) is a promising method for
detecting coronary artery disease (CAD). The first reports of new diagnostic
techniques indicated generally unrealistic diagnostic performance relying on
retrospectively observed cut-off values of quantitative parameters. Although visual
analysis of CMR is the most applicable method for clinical work, its diagnostic
performance is not fully elucidated for study components such as wall motion,
perfusion and late enhancement in patients with different severity of CAD.
Methods: A total of 30 subjects including 20 patients with CAD and 10 healthy
volunteers were selected for the study. Of the patients, ten had stable CAD, five
confirmed myocardial infarction (MI) without Q-waves in electrocardiogram (ECG)
and five confirmed MI with Q-waves in ECG. All patients underwent coronary
angiography and CMR for evaluating resting wall motion, rest and stress perfusion
and late enhancement.
Results: Combining the data from the three CMR techniques, 12 out of 20 patients
were correctly identified as having CAD, and all controls were found to be healthy.
Sensitivity, specificity, accuracy, positive and negative predictive values were 60Æ0%,
100Æ0%, 73Æ0%, 100Æ0% and 55Æ6%, respectively. Of the CMR components, resting
wall motion and late enhancement gave the most diagnostic yield.
Conclusions: We conclude that evaluation of CAD is feasible in patients with different
severity of CAD using visually analysed CMR, especially when available CMR
methodologies are combined together.

Introduction

Coronary artery disease (CAD) is common, and is associated

with increased morbidity and mortality. The clinical symptoms

are extremely variable when CAD progresses slowly and

therefore, practical and safe diagnostic tools are required for

clinical practice. Stress ECG has been used for diagnosing CAD

but because of its limited sensitivity of 68% and specificity of

77% (Gibbons et al., 1997), there is need towards more accurate

non-invasive imaging methods.

Non-invasive evaluation of CAD is largely performed by

functional imaging such as single-photon emission tomography

(SPECT) or stress echocardiography (SE), which are used to

evaluate hemodynamic sequelae of coronary stenoses. SPECT and

SE have sensitivities of 87% and 85% and specificities of 64% and

77%, respectively (Fleischmann et al., 1998). Coronary echocar-

diography is a novel method in evaluating hemodynamic effects

of stenosis by determining the flow velocity increase at the site of

stenosis, but it is technically very demanding and therefore not

yet widely available (Saraste et al., 2005).

Coronary computed tomography (coronary CT) angiography

has gained increasing acceptance as a non-invasive diagnostic

tool recently. The greatest strength of coronary CT lies in its

capability to image anatomically the epicardial coronaries with

high spatial resolution and excellent negative predictive value.

However, the low temporal resolution, high false-positive rate

and significant radiation dose reduces its use in certain patient

groups. Noteworthy, technical improvements are overcoming

some of these limitations (Kajander et al., 2009).

Cardiovascular magnetic resonance imaging (CMR) is gaining

importance in cardiology as the non-invasive diagnostic method

of choice for patients with a multitude of cardiovascular

problems. CMR allows excellent depiction of wall motion, high

contrast, high spatial and temporal resolution and lack of
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radiation exposure (Ray et al., 2005). The diagnostic capability

of CMR for detecting CAD has been studied mainly by two

different techniques: first-pass perfusion imaging and wall

motion imaging. Moreover, late enhancement (LE) CMR has

been proved to be the most accurate method for assessment of

myocardial viability, but it is not generally used as a gatekeeper

before invasive testing (Gutberlet et al., 2005). There is only a

short increase in total study time if perfusion, wall motion and

LE are studied during the same session. There are only a few

studies in which the capability of all three techniques� to detect

CAD is compared side-by-side.

Despite its limitations, X-ray coronary angiography (CA)

remains the final arbitrator for the diagnosis of CAD in clinical

practice today. This technique offers morphological assessment

of the disease in contrast to non-invasive functional assessment.

However, a patient with no evidence of ischemia has a low

event rate despite intermediate lesions in CA (Bech et al., 1998;

Rieber et al., 2002), and SPECT has proved to be more cost

effective for diagnostic purposes than CA (Hachamovitch,

2001). Furthermore, CA and SPECT induce marked radiation

exposure in patients, and a mortality rate of 1:1000 is associated

with CA. The number of diagnostic CA studies with non-

significant findings is quite high, 48% in women and 24% in

men in an early large study by Bell et al. (1995), and as high as

74% in a recent study by Ropers et al. (2006). It has been

suggested that the presence of a cath laboratory may be a

stronger determinant of the use of CA than clinical need (Pilote

et al., 1996).

In this prospective study, we studied whether the diagnostic

accuracy differs between CMR assessment of perfusion, wall

motion and LE techniques when evaluating CAD. In addition to

side-by-side comparison of perfusion, wall motion and LE

imaging, we studied whether diagnostic accuracy can be

improved by pooling the data from these techniques.

Methods

Subjects and study design

A total of 30 subjects consisting of 20 patients with CAD and 10

healthy volunteers were selected for the study. Patients with CAD

(63 ± 10 years, 13 males) were selected after CA (except two

patients), and the inclusion criteria were typical symptoms of

stable CAD and at least one stenosis with over 50% reduction in

coronary artery diameter for the stable-CAD group (n = 10),

confirmed myocardial infarction (MI) without Q-waves in ECG

for the non-Q-MI group (n = 5) and confirmed MI with Q-

waves in ECG for the Q-MI group (n = 5). Exclusion criteria were

asthma, renal or liver insufficiency, cardiac conduction abnor-

mality, atrial fibrillation, extensive extrasystoles, epilepsy, dia-

betes or known allergy for gadolinium or adenosine. None of the

patients had significant valvular heart disease. The participants

were asked to refrain from coffee and other caffeinated beverages

for 12 h. Of the subjects with CAD, none had diabetes, 95% had

hypertension, and 95% had hyperlipidemia. Of the patients, 45%

had vasodilative medication (e.g. nitroglyserine), and 90% were

on beta-blockers during the CMR studies. One healthy volunteer

had cholesterol medication. Patients were selected for the study

after CA and, therefore, when necessary, coronary artery stenoses

were treated according to guidelines before CMR. However,

despite of coronary intervention, all patients had at least one

stenosis ‡50%, which was not treated at the time of CMR.

Patients were studied 94 ± 29 days after CA. Two patients

underwent CMR before angiography (2 and 97 days). Ten

healthy volunteers (45 ± 5 years, eight males) were recruited

for the study as control subjects. They were asymptomatic and

were found to be healthy before CMR according to history,

clinical examination and normal findings in stress ECG test and

echocardiography at rest.

The study protocol was approved by the Ethics Committee of

the Department of Medicine, Helsinki University Central

Hospital. All the subjects gave written informed consent for

the study.

Cardiac magnetic resonance imaging

All subjects underwent a CMR study at 1Æ5 T (Siemens

Magnetom Symphony Maestro Quantum, Erlangen, Germany)

consisting of cine imaging for wall motion (WM), rest and

pharmacologically induced stress imaging for perfusion and LE

for scar assessment. The subjects were examined in a supine

position with a circularly polarized body array coil attached to

the chest and a circularly polarized spine array coil on the back.

ECG leads were attached to the chest for cardiac gating. The

antecubital veins were cannulated in both forearms for the

injection of contrast agent and adenosine.

To assess myocardial perfusion at rest, 0Æ05 mmol kg)1 of

gadobutroly (Gadovist� 1Æ0 mmol ml)1; Schering-AG, Berlin,

Germany) was injected at 4 ml s)1, followed by 20 ml of saline,

with a power injector immediately after the imaging sequence

was started. After a waiting period of 7 min, hyperemia was

induced with an adenosine (Adenosin item 5 mg ml)1; Item

Development AB, Stocksund, Sweden) 140 lg kg)1 per min

infusion for 2–5 min, and the perfusion protocol was repeated.

After the perfusion scan, 0Æ1 mmol kg)1 of gadobutroly was

given as an additional dosage for LE imaging. The CMR protocol

is shown in Table 1.

Cine images were acquired at rest with a fast imaging with

steady state precession (TrueFISP) with shared phases. The

following imaging parameters were used: repetition time ⁄ echo

time (TR ⁄ TE) 34 ⁄ 1Æ2 ms, echo space 3 ms, flip angle 42�,
bandwidth 1184 Hz per pixel, rectangular field of view (FOV)

340 · 297 and voxel size 2Æ3 mm · 1Æ8 mm · 10 mm. The

left ventricle was covered by 8–12 slices in short-axis (SA)

orientation, which were used for the determination of volumes,

mass and ejection fraction (EF). Visual wall motion analysis was

performed from the contiguous set of SA and three additional

horizontal and vertical long-axis images.

Perfusion image series were acquired with a gradient-echo

sequence using ECG-gated saturation recovery 2D trueFISP. The
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following imaging parameters were used: TR ⁄ TE 35Æ4 ⁄ 1Æ29 ms,

echo space 2Æ8 ms, inversion time (TI) 107 ms, flip angle 43�,
bandwidth 1000 Hz per pixel, rectangular FOV 420 mm ·
315 mm and voxel size 2Æ2 mm · 2Æ4 mm · 10 mm. Three

representative SA and one horizontal long-axis sections were

positioned in an end-systolic 2-chamber cine scout image. A

total of 50 images for each plane were collected.

LE imaging was performed using singleshot TrueFISP with a

phase sensitive inversion recovery (PSIR) sequence. The

following imaging parameters were used: three slices per breath

hold, TR ⁄ TE 750 ⁄ 1Æ27 ms, echo space 2Æ9 ms, flip angle 40�,
bandwidth 1530 Hz per pixel, matrix 192X134, rectangular

FOV 370 · 278 mm. TI was optimized individually using a TI-

scout sequence. LE was studied by covering the whole left

ventricle with SA images. Moreover, at least three horizontal

long-axis slices were positioned in an end-systolic 2-chamber

cine scout image to ensure that the apex could also be visualized

from another direction than SA.

Cardiac magnetic resonance imaging analysis

CMR analysis was performed in another institution by two

readers using commercial postprocessing software (ViewForum

R4.1; Philips Medical Systems, Leiden, Netherlands). The

readers were blinded from patient data and from each other.

Volumetric analysis was performed according to our previous

validation (Koskenvuo et al., 2007). The seventeen-segment

model of the left ventricle (Cerqueira et al., 2002) was used for

CMR analysis and for the comparison with CA. Wall motion in

each segment was visually graded as normal (1), hypokinetic

(2), akinetic (3), dyskinetic (4) or aneurysmal (5), while wall

motion was considered abnormal if two or more segments were

graded as having a hypokinetic or more severe wall motion

abnormality. Perfusion was graded as hypoperfused if the

perfusion deficit was affecting more than 1 ⁄ 3 of wall thickness,

the deficit was seen in at least two neighbouring myocardial

segments and persisted more than five heart beats (consecutive

images) on the basis of a visually estimated maximal signal in

the left ventricle cavity, according to a recently published

suggestion (Pilz et al., 2006). Late enhancement was considered

to be a mark of previous myocardial infarct if a subendocardial

or transmural pattern of LE was observed. At visual analysis, 0%,

1–25%, 26–50% and >50% thicknesses of enhanced myocar-

dium were graded 0, 1, 2 and 3, respectively. The combined

result of the CMR exam components was based on consensus

between two expert readers after reading all study components

individually.

Coronary angiography

Coronary angiography was performed as a standard clinical

routine. Based on visual assessment, a diameter stenosis of 50%

or more was considered significant.

Statistical analysis

Continuous variables were expressed as means ± standard

deviation, discrete variables as counts or percentages. Between

groups, differences for continuous variables were tested by

Student�s t-test. P-values less than 0Æ05 were considered

statistically significant.

Results

Coronary angiography

Coronary angiography was carried out in the 20 patients. All of

them had at least one significant stenosis in one coronary artery

territory. Significant stenosis was found in 29 of the 60 main

coronary arteries. Twelve out of 29 stenoses were graded as

>90%, and two of them >75%. Three-vessel disease was found

in two patients, two-vessel disease in five and one-vessel disease

in 13 patients (Table 2). Most frequently, the stenoses were

Table 1 Imaging protocol.

Time: 10 20 30 40 50 65

Preparations
HR ⁄ BP
Cannulation
ECG

Scout imaging
HLAX VLAX

SAX
TAX HASTE

Cine
1 plane 2- chamber

and HLAX, and
3 planes SAX

Rest perfusion
1 plane HLAX

and 3 planes SAX

Cine mp
LV SAX

Stress perfusion
1 plane HLAX

and 3 planes SAX

Cine one plane
4-chamber and

3-chamber,
cine mp LV SAX

Late enhancement
3-plane HLAX and

1 plane VLAX,
mp LV SAX

Timeline is in minutes, HR, heart rate; BP, blood pressure; HLAX, horizontal long axis; VLAX, vertical long axis; SAX, short axis; TAX ,transaxial; LV,
left ventricle; mp, multiplane.

Table 2 Patient characteristics.

Patients (n) 20
Male ⁄ female (n) 13 ⁄ 7
Age (years) 63 ± 10
Coronary anatomy n (%)
Single-vessel disease 13 (65)
Two-vessel disease 5 (25)
Three-vessel disease 2 (10)
LM 1 (5)
LAD 13 (65)
LCX 7 (35)
RCA 9 (45)

LM, left main coronary artery; LAD, left anterior descending coronary
artery; LCX, left circumflex coronary artery; RCA, right coronary artery.
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found in the left anterior descending coronary artery (LAD)

(65%). Nine patients and ten vessels were treated with

percutaneous coronary intervention (PCI) before conducting

the CMR study. However, in the stable-CAD group, there was

still at least one >50% untreated stenosis at the time of imaging.

Furthermore, two patients were enrolled for coronary artery

bypass surgery after CMR.

Cardiac magnetic resonance imaging

Wall motion and LE could be assessed from all 510 segments in

the 30 subjects. Rest perfusion images were successful in all

subjects but stress perfusion image quality was inadequate in

one. Additionally, one patient suffered from such severe chest

pain that the adenosine infusion was discontinued without

imaging. Image quality was graded as excellent or good in 80%,

83% and 100% of subjects for wall motion, perfusion and late

enhancement, respectively. Patients with CAD had a mean end-

diastolic volume of 152 ml, an end-systolic volume of 83 ml, a

stroke volume of 69 ml, EF of 49% and a left ventricular mass of

131 g. Detailed volumetric CMR data are presented in Table 3.

Wall motion

Resting wall motion abnormalities (Fig. 1) were found in

61 ⁄ 510 segments (12%), of which 21 were graded as

hypokinetic, 37 as akinetic, two as dyskinetic and one as

aneurysmal. Wall motion abnormality was located in the LAD

area in six, in the left circumflex coronary artery (LCX) area in

three and in the right coronary artery (RCA) area in eight

patients. Regarding wall motion analyses, 11 out of 30 subjects

were identified as having CAD. Eight of these were in line with

the angiography, but in three patients, wall motion abnormal-

ities were located in different regions than the stenoses at CA

(Table 4). Wall motion analysis indicated 55Æ0% sensitivity,

100Æ0% specificity and 70Æ0% accuracy in detection of CAD.

Positive and negative predictive values were 100Æ0% and 52Æ6%,

respectively (Table 5).

Perfusion

Hypoperfusion was detected at rest in 13 ⁄ 510 segments (2Æ5%)

in five patients, and during stress in 25 ⁄ 476 segments (5Æ3%) in

seven patients. Hypoperfusion was not found in controls. Of

hypoperfused segments (rest ⁄ stress), 2 ⁄ 8 were found in the

stable-CAD group, 0 ⁄ 5 in the non-Q-MI group and 11 ⁄ 12 in

the Q-wave-MI group. Hypoperfusion was found both at rest

and during stress in five patients, indicating an old MI. Four of

these were in the Q-wave-MI group and one in the stable-CAD

group. Reversible hypoperfusion (Fig. 2) as a mark of inducible

ischemia was seen in four patients (Table 4). Perfusion imaging

had 40Æ0% sensitivity, 100Æ0% specificity and 60Æ0% accuracy in

detection of CAD (Table 5). Positive and negative predictive

values were 100Æ0% and 45Æ5%, respectively.

Late enhancement

LE was seen in 54 ⁄ 510 (11Æ6%) of the segments. In the stable-

CAD group, LE was observed in 20 ⁄ 170 (11Æ7%) segments, of

which six segments were transmural (Fig. 1). LE was rare in the

non-Q-MI group, involving only 5 ⁄ 85 (5Æ9%) segments, of

which four were surprisingly transmurally enhanced. LE was

frequent in the Q-wave-MI group, involving 34 ⁄ 85 (40%)

segments, of which 53% had a transmural pattern of LE. In

five patients, LE was located in the LAD region, three in LCX

Table 3 Volumetric CMR data for different study groups.

Controls

n = 10

Stable CAD

n = 10

Non-Q-MI

n = 5

Q-MI

n = 5

EF (%) 52 ± 5* 56 ± 9* 52 ± 10** 34 ± 12
EDV (ml) 180 ± 77 122 ± 24 158 ± 61 206 ± 58
ESV (ml) 86 ± 38 54 ± 15 81 ± 51 141 ± 61
SV (ml) 94 ± 41 68 ± 17 77 ± 11 65 ± 9
LV-mass (g) 155 ± 68 122 ± 23 138 ± 49 141 ± 13

EF was significantly lower in Q-MI group compared to Controls
(*P<0Æ001), Non-Q-MI (**P = 0Æ017) and Stable-CAD (*P<0Æ001)
groups.
CMR, cardiac magnetic resonance imaging; CAD, coronary artery dis-
ease; MI, myocardial infarction; EF, ejection fraction; EDV, end-diastolic
volume; ESV, end-systolic volume; SV, stroke volume; LV, left ventricle.

Figure 1 Wall motion abnormalities and corresponding late
enhancement. Short-axis cine images at apical, papillary and basal level,
a four-chamber orientation is shown as well. End-diastolic (ES) and
end-systolic (ES) frames are shown. In short-axis images, anteroseptal
wall is akinetic, and there is no thickening of myocardium. In
four-chamber images the apex is akinetic and also round shaped. The
rightmost column is late enhancement (LE) images from same levels. In
anteroseptal wall, late enhancement is seen, which corresponds well
with the cine images wall motion abnormalities.
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� 2009 The Authors
Journal compilation � 2009 Scandinavian Society of Clinical Physiology and Nuclear Medicine 30, 2, 89–97

92



and three in RCA. All patients in the Q-wave-MI group

represented late enhancement. LE imaging had 50Æ0%

sensitivity, 100Æ0% specificity and 67Æ0% accuracy in detection

of CAD (Table 5 and 6). Positive and negative predictive values

were 50Æ0% and 67Æ0%, respectively.

Combined results

Combining the data from the three CMR techniques, 12 out of

20 patients were correctly identified as having CAD, and all

controls were found to be healthy. Sensitivity, specificity and

accuracy were 60Æ0%, 100Æ0% and 73Æ0%, respectively. Positive

and negative predictive values were 100Æ0% and 55Æ6%,

respectively (Table 5). Table 6 presents the sensitivity, specific-

ity, accuracy and positive and negative predictive values

calculated separately for different patient groups and for affected

arteries. Interobserver concordance between wall motion,

perfusion and LE was 94Æ5%, 97Æ1% and 96Æ5%, respectively,

when concordant analysis is based solely on abnormal and

normal classification.

Discussion

This study indicates that CMR reaches acceptable diagnostic

accuracy for CAD when wall motion, perfusion and scar

imaging are combined together to get the full diagnostic

advantage of this methodology. Surprisingly, CMR perfusion

had the lowest sensitivity of the techniques, even though it

could be anticipated to have the highest sensitivity for stable-

CAD group. However, our results showed excellent specificity

and positive prediction value, which might partly explain the

low sensitivity.

In this study, CMR perfusion imaging had 40% sensitivity and

100% specificity, in detection of CAD. In a recent meta-analysis,

CMR perfusion had 91% sensitivity and 81% specificity, while

stress-induced wall motion imaging had 83% sensitivity and

86% specificity in detection of CAD (Nandalur et al., 2007). Our

study indicates limited sensitivity and improved specificity when

compared with the meta-analysis. Some referred studies

included in the meta-analysis have used ‡75% stenosis as

threshold for CAD. In our study, increasing definition of CAD

would increase the sensitivity only slightly to 50%, and the

specificity would decrease to 94%. The limited sensitivity in our

Table 4 Detailed results for patients found to have abnormal cardiac magnetic resonance imaging findings in either wall motion, perfusion or
late enhancement.

Group Wall motion Perfusion LE Angiography Congruity Treatment

Patient 1 st dist LCX norm. LCX 2 prox LCX 95%
prox LAD 60%
dist RCA 50%

+ LCX+LAD PCI

Patient 2 st RCA RCA s RCA 1-3
LCX 3

mid LAD 80% ) No

Patient 3 st dist RCA norm. norm. dist LCX 70% ) No
Patient 4 st dist LAD LAD s LAD 3 mid LAD 90%

dist LCX 70%
+ LAD PCI

Patient 5 st norm. LAD r+s RCA r+s norm. prox LCX 60%
dist RCA 50%

) No

Patient 6 st mid-dist LAD norm. LAD 2 mid LAD 99%
mid LCX 50%

+ LAD PCI

Patient 7 Non-Q LCX LAD s
RCA s

LCX 3 prox LAD 90% ) LAD PCI

Patient 8 Q mid-dist LAD
mid-dist RCA mild

LAD r+s LAD 3 prox LAD100%
mid RCA 50%

+ No

Patient 9 Q full LAD
dist RCA mild

Norm LAD 3
RCA 1

prox LAD 100% + LAD PCI

Patient 10 Q RCA LAD r+s RCA 3 prox RCA 90% + RCA PCI
Patient 11 Q mid-dist LAD LAD r+s RCA s LAD 3 mid LAD 95% + No
Patient 12 Q RCA and LCX RCA r+s RCA 1-3

LCX 1
prox LCX 90%
prox RCA 90%

+ No

Group abbreviations are st for stable coronary artery disease, Non-Q for non-Q-wave myocardial infarction, and Q for Q-wave myocardial infarction.
Prox, proximal; mid, middle; dist, distal; norm, normal; r, rest; s, stress; PCI, percutaneous coronary intervention. Other abbreviations as in Table 2.

Table 5 Diagnostic performance of cardiac magnetic resonance
imaging in detection coronary artery disease.

% Sens Spec PPV NPV Accuracy

Wall motion 55 100 100 52Æ6 70
Perfusion 40 100 100 45Æ5 60
LE 50 100 100 50 67
Combined 60 100 100 55Æ6 73

LE, late enhancement; Combined, combined consensus from wall
motion, perfusion and LE imaging; Sens, sensitivity; Spec, specificity;
PPV, positive predictive value; NPV, negative predictive value.
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study compared to some of the initial CMR reports may result

from the fact that they have used a quantitative approach with a

retrospectively optimized cut-off value to demonstrate a

maximal diagnostic performance, an approach which was not

used in this study (Rieber et al., 2006; Futamatsu et al., 2007).

One reason for the limited sensitivity in perfusion CMR could

be the low concentration of Gd-DTPA bolus (0Æ05 mmol kg)1),

which makes it more difficult to notice smaller contrast

differences. However, this seems to be unlikely as there was

no significant difference in image quality when different

dosages of Gd-DTPA from 0Æ05 to 0Æ15 mmol kg)1 were used

(Wolff et al., 2004). The dose of the contrast agent was selected

for this study to maintain the possibility to continue with

quantification analysis.

Wall motion imaging in our study also indicated compro-

mised sensitivity when compared with earlier studies. Sensitivity

of 55% and specificity of 100% were achieved, which is

unsurprising as only rest imaging was used. Presumable by

including dobutamine stress test to the protocol, it would

increase sensitivity of wall motion disturbance assessment. In

some patients, wall motion abnormality did not regionally

match the stenosis location in CA. In addition to possible errors

in image analysis, it may also be explained by the fact that the

inferolateral region exhibits an extensive overlap of coronary

arterial supply corresponding to the RCA and LCX regions.

Furthermore, collateral blood flow, coronary steal or bifurcation

area PCI-related microembolization may also be responsible for

the discrepancy between the regional findings.

In our study, positive LE had a higher sensitivity of 55%

versus 40%, and the same specificity of 100% as observed by

CMR in patients with congestive heart failure (Schietinger et al.,

2007). In our study, only a subendocardial or transmural

pattern of LE was considered positive for LE because midwall

and subepicardial patterns of LE are usually related to non-

ischemic cardiomyopathy or myocarditis (McCrohon et al.,

2003; Mahrholdt et al., 2004). The absence of LE or low

sensitivity of LE imaging might result from a hibernating

myocardium and the too short period for ischemic cardiomy-

opathy to progress between CMR and initial hemodynamically

relevant CAD (Heusch et al., 2005). However, LE imaging is

unlikely to improve its sensitivity in patients with an ACC ⁄ AHA

class I or II indication for CA.

Three patients from the stable-CAD group, who underwent

PCI before CMR showed late enhancement in the respective

circulatory beds as a mark of previously undetected MI. This

could be a side effect of PCI as previously described (Taylor

Figure 2 Perfusion defect. Stress perfusion cardiac magnetic resonance
imaging image series in short-axis orientation. Hypoperfusion is seen
in inferior septum suggesting local ischemia. The images are from
patient 2 belonging the stable-CAD group in Table 4.

Table 6 Diagnostic performance of cardiac magnetic resonance
imaging in detection coronary artery disease (CAD) in different
subgroups.

% Sens Spec PPV NPV Accuracy

Stable CAD
n = 10

Wall motion 60 100 100 71Æ4 80
Perfusion 30 100 100 58Æ8 65

LE 40 100 100 62Æ5 70
Non-Q
n = 5

Wall motion 20 100 100 71Æ4 73Æ3
Perfusion 20 100 100 71Æ4 73Æ3

LE 20 100 100 71Æ4 73Æ3
Q-MI
n = 5

Wall motion 100 100 100 100 100
Perfusion 80 100 100 90Æ9 93Æ3

LE 100 100 100 100 100
1-vessel
n = 13

Wall motion 46Æ2 100 100 58Æ8 69Æ6
Perfusion 30Æ8 100 100 52Æ6 60Æ9

LE 38Æ5 100 100 55Æ6 65Æ2
2-vessel
n = 5

Wall motion 80 100 100 90Æ9 93Æ3
Perfusion 80 100 100 90Æ9 93Æ3

LE 100 100 100 90Æ9 93Æ3
3-vessel
n = 2

Wall motion 50 100 100 90Æ9 91Æ7
Perfusion 0 100 na 83Æ3 83Æ3

LE 50 100 100 90Æ9 91Æ7

Group abbreviations are stable CAD for stable coronary artery disease,
Non-Q for non-Q-wave myocardial infarction and Q-MI for Q-wave
myocardial infarction. Abbreviations as in Table 5.
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et al., 2006; Selvanayagam et al., 2007). Only one patient out of

four with non-Q-wave-MI and PCI before CMR showed LE. All

patients in the Q-MI group showed LE and wall motion

abnormality as expected. In this group, one patient who

underwent PCI had normal findings in perfusion imaging.

Several studies have focused on evaluating myocardial perfusion

early after PCI and have shown residual early impairment in

about 50% of the patients. Al-Saadi et al., (2000b) showed that

myocardial perfusion reserve index of ischemic segments

improved significantly after PCI but did not reach the level of

non-ischemic control segments in patients with a single-vessel

disease.

A large number of patients were studied while undergoing

anti-ischemic therapy, which is likely to reduce sensitivity in

our study.

There are published data on visual analysis (qualitative)

(Barkhausen et al., 2004; Futamatsu et al., 2007), semiquantita-

tive (Al Saadi et al., 2000a; Schwitter et al., 2001) and

quantitative (Cullen et al., 1999; Parkka et al., 2006) approaches

to CMR perfusion analysis. Analyses of all techniques were

performed visually in our study, which may decrease sensitivity.

However, quantitative and visual wall motion with CMR

showed very good agreement using Kendall�s coefficient of

concordance (Cain et al., 2005). In our opinion, visual analysis

is the most appropriate method in clinical practice because of its

availability and speed. It does not require time-consuming off-

line analysis with dedicated software. In our study, image

quality was generally good, making visual interpretation of

images relatively easy for experienced readers. Only, one stress

perfusion test could not be interpreted for technical reasons.

We used angiographically defined coronary diameter reduc-

tion as the standard of reference. However, fractional flow

reserve derived from the intracoronary pressure measurements

has shown a better correlation (r = 0Æ77) with the CMR

perfusion index than with angiographic stenosis (r = 0Æ64)

(Rieber et al., 2006). The hemodynamic significance of coronary

stenoses may also vary considerably, and thus the resultant

ischemic response of the myocardium depends on several other

parameters such as pulse pressure, morphology and location of

stenosis and the combined flow limiting effects of serial

stenoses. However, our aim was to test whether CMR can

recognize patients with pathological findings in invasive CA and

to determine the value of CMR as a �gatekeeper� for further

invasive testing and therapy.

A patient with no evidence of ischemia has a low event rate

despite intermediate lesions in CA (Bech et al., 1998; Rieber

et al., 2002), and SPECT has proved to be more cost-effective for

diagnostic purposes than CA (Hachamovitch, 2001). The

radiation exposure of CA and SPECT is equivalent to 360 and

500–1600 chest X-rays, respectively (Kocinaj et al., 2006;

Thompson & Cullom, 2006), and a mortality rate of 1:1000

is associated with angiography.

In many hospitals, especially in Europe, non-invasive

diagnostic tests such as SPECT are often used in less than the

recommended 4–5 ⁄ 1000 inhabitants per year (Prvulovich &

Metcalfe, 2002). Underuse of non-invasive tests may result

from lack of confidence towards them among some clinicians.

Therefore, there seems to be a need for developing more

accurate and safer non-invasive diagnostic tools. CMR does not

cause radiation exposure and is less time-consuming than

cardiac SPECT. Operator-dependent expertise and poor acoustic

window-related ambiguous test results are major limitations of

SE. These problems can be avoided in dobutamine stress MRI,

which is shown to be more sensitive and specific than SE

(Nagel et al., 1999). Therefore, CMR might be a good

alternative to these standard non-invasive imaging tools,

especially in smaller hospitals where are no resources for

nuclear medicine and lack of expertise in SE. CMR might prove

to be economically a good choice especially when a CMR

scanner is already available. Even though dobutamine stress test

wasn�t studied in this setting, it might be a better alternative

than perfusion imaging.

Study limitations

Eight patients underwent PCI before CMR was conducted,

which is the major limitation of this study. However, we

observed an accuracy of 54Æ6% after excluding these patients,

indicating that there are other factors associated with limited

accuracy than the timing of the studies. Another important

limitation is the small heterogeneous study population, which

was chosen to evaluate how CMR would work in clinical

setting in patients with varying severity of CAD. Our study has

a kind of referral bias compared to a population with the first

evaluation for CAD, as we included patients with known CAD

and those with very low probability of the disease, which may

have led to an inappropriate rise in the observed specificity

(Ransohoff & Feinstein, 1978; Rozanski et al., 1983). There-

fore, our results are not directly applicable to other popula-

tions. With increasing patient flow, the accuracy could be

expected to increase. We did not directly compare the

diagnostic performance of CMR with currently available

standard non-invasive methods. However, an earlier study

has shown a better diagnostic performance with CMR

compared to cardiac SPECT in this setting (Ishida et al.,

2003). We did not systematically study whether negative

CMR studies might be associated with collateral blood flow,

and this might cause a bias between these studies leading to

lower sensitivity of the studied method. A long waiting period

from CA study to CMR (an average of 3 months) could also

contribute to the quantity of collateral arteries.

Conclusion

We conclude that evaluation of CAD is feasible in patients with

different severity of CAD using CMR, especially when the

available CMR methodologies are combined together. Resting

wall motion and late enhancement gave the greatest diagnostic

yield. However, technical and protocol improvements are

needed to increase diagnostic value of CMR in excluding CAD.
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