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Cardiovascular magnetic resonance 
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Abstract 

Background:  Invasive coronary angiography (ICA) is still the reference test in suspected non-ST elevation myocardial 
infarction (NSTEMI), although a substantial number of patients do not have obstructive coronary artery disease (CAD). 
Early cardiovascular magnetic resonance (CMR) may be a useful gatekeeper for ICA in this setting. The main objective 
was to investigate the accuracy of CMR to detect obstructive CAD in NSTEMI.

Methods:  This study is a sub-analysis of a randomized controlled trial investigating whether a non-invasive imaging-
first strategy safely reduced the number of ICA compared to routine clinical care in suspected NSTEMI (acute chest 
pain, non-diagnostic electrocardiogram, high sensitivity troponin T > 14 ng/L), and included 51 patients who under-
went CMR prior to ICA. A stepwise approach was used to assess the diagnostic accuracy of CMR to detect (1) obstruc-
tive CAD (diameter stenosis ≥ 70% by ICA) and (2) an adjudicated final diagnosis of acute coronary syndrome (ACS). 
First, in all patients the combination of cine, T2-weighted and late gadolinium enhancement (LGE) imaging was evalu-
ated for the presence of abnormalities consistent with a coronary etiology in any sequence. Hereafter and only when 
the scan was normal or equivocal, adenosine stress-perfusion CMR was added.

Results:  Of 51 patients included (63 ± 10 years, 51% male), 34 (67%) had obstructive CAD by ICA. The sensitivity, 
specificity and overall accuracy of the first step to diagnose obstructive CAD were 79%, 71% and 77%, respectively. 
Additional vasodilator stress-perfusion CMR was performed in 19 patients and combined with step one resulted in an 
overall sensitivity of 97%, specificity of 65% and accuracy of 86%. Of the remaining 17 patients with non-obstructive 
CAD, 4 (24%) had evidence for a myocardial infarction on LGE, explaining the modest specificity. The sensitivity, speci-
ficity and overall accuracy to diagnose ACS (n = 43) were 88%, 88% and 88%, respectively.
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Background
Non-ST elevation myocardial infarction (NSTEMI) is 
an important acute manifestation of coronary artery 
disease (CAD) and a leading cause of death [1]. Early 
invasive coronary angiography (ICA) to assess the pres-
ence and severity of CAD is recommended in patients 
at high risk of adverse events. However, visual assess-
ment is prone to under- or overestimate stenosis sever-
ity [2] and it is difficult to angiographically identify the 
culprit or ischemia-causing lesion [3].

High-sensitivity cardiac troponin (hs-cTn) assays 
have very high sensitivity for myocardial injury, but 
their specificity to detect myocardial infarction (MI) is 
limited [1]. This may partly explain why up to 30% of 
patients with suspected NSTEMI and elevated hs-cTn 
levels do not have obstructive CAD [4]. Nonetheless, 
MI with non-obstructive coronary arteries (MINOCA) 
is not uncommon. Potential etiologies include plaque 
rupture with distal embolization and/or temporary 
coronary artery occlusion with spontaneous reper-
fusion, as well as non-coronary etiologies including 
myocarditis, (stress) cardiomyopathy, structural and 
hypertensive heart disease, and pulmonary embolism. 
Altogether, these data raise the question whether ICA is 
still appropriate as an initial diagnostic test in patients 
with low-to-intermediate risk suspected NSTEMI.

The strength of cardiovascular magnetic resonance 
(CMR) is its ability to assess regional and global myocar-
dial function, presence and pattern of scar, myocardial 
ischemia and to differentiate between coronary and non-
coronary etiologies in a single investigation [5]. Vasodila-
tor stress-perfusion CMR accurately detects obstructive 
CAD in a stable chest-pain population [6], and a CMR-
guided strategy lowers the probability of inappropri-
ate ICA [7, 8]. However, so far, no study has evaluated 
the diagnostic value of CMR in patients with suspected 
NSTEMI in the current hs-cTn era. The purpose of this 
study was to investigate the diagnostic value of CMR 
prior to ICA in this patient population. We evaluated 
both the accuracy of CMR in detecting obstructive CAD 
on ICA, as well as for detecting a final adjudicated diag-
nosis of acute coronary syndrome (ACS), given the prev-
alence of MINOCA.

Methods
Study population
This is a sub-analysis of the CARMENTA trial, a single-
center randomized controlled trial [9]. In brief, CAR-
MENTA included 207 consecutive patients without a 
known history of CAD or cardiomyopathy who were 
admitted because of acute chest pain, normal or non-
diagnostic electrocardiogram and high sensitivity car-
diac troponin T (hs-cTnT) values > 14 ng/L, at baseline or 
3 h after presentation (i.e., suspected NSTEMI). Patients 
were randomized to routine clinical care, a computed 
tomography angiography (CTA)-first strategy or a CMR-
first strategy. A recommendation based on the CTA or 
CMR results was given to the treating cardiologist. How-
ever, follow-up diagnostic testing, medical therapy, and 
discharge were left at the discretion of the treating car-
diologist. For the present sub-analysis, only patients from 
the CMR-first strategy who underwent CMR and subse-
quent ICA were included.

CMR scan protocol
The protocol included scout, anatomical, cine and 
T2-weighted images, rest- and adenosine stress-perfu-
sion, and late gadolinium enhancement (LGE)-CMR. 
Because stress testing has historically been considered 
inappropriate for NSTEMI patients, a stepwise approach 
was used in CARMENTA to minimize scan duration 
and potential hazard for patients. First, anatomical, cine, 
T2-weighted, rest-perfusion and LGE-CMR imaging 
were performed and assessed during the scan. If a CMR 
diagnosis was clear, scanning was stopped. When find-
ings were normal or equivocal, adenosine stress-perfu-
sion imaging was subsequently performed.

Image acquisition
Patients were scanned on a 3T MR scanner (Tx series, 
Achieva, Philips Healthcare, Best, The Netherlands) 
equipped with maximum field gradients of 40 and 80 
mT/m and slew rates of 100 and 200 mT/m/ms using a 
dedicated 32 element cardiac phased-array coil. The 
CMR protocol has been described previously [10] and 
included: (1) cine images in horizontal and vertical long 
axis, left ventricular (LV) outflow tract and multi-slice 

Conclusion:  CMR accurately detects obstructive CAD and ACS in suspected NSTEMI. Non-obstructive CAD is com-
mon with CMR still identifying an infarction in almost one-quarter of patients. CMR should be considered as an early 
diagnostic approach in suspected NSTEMI.

Trial registration. The CARMENTA trial has been registered at ClinicalTrials.gov with identifier NCT01559467.
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short axis fully covering the LV using a balanced steady-
state free precession sequence for functional analy-
sis, (2) multi-slice black blood T2-weighted imaging in 
short axis fully covering the LV using a double inversion 
recovery, turbo spin echo sequence for edema imaging, 
(3) first-pass perfusion imaging at basal, midventricular 
and apical level using a T1-weighted turbo gradient echo 
sequence during an intravenous bolus of 0.05  mmol/kg 
gadolinium (Gadovist®, Gadobutrol, Bayer Healthcare, 
Berlin, Germany) followed by a saline bolus flush (4 ml/
sec), (4) LGE in the same imaging plane as was used for 
cine imaging, 10–20 min after an additional intravenous 
bolus of 0.1 mmol/kg gadolinium using a 2D T1-weighted 
gradient echo inversion recovery sequence to image scar, 
and (5) first-pass, adenosine vasodilator stress-perfusion 
imaging (after 140 µg/kg/min adenosine for 3 min) using 
the identical protocol as the rest-perfusion, ~ 30 min after 
rest-perfusion imaging.

CMR analysis
CMR data were analyzed independently from the origi-
nal assessment, blinded from the ICA and clinical data by 
two experienced observers and read in consensus (YvC 
and SB). Cine images were assessed for regional wall-
motion abnormalities, T2-weighted and LGE images 
for the visual presence of edema and scar, respectively 
and rest- and stress-perfusion images for the presence 
of ischemia. Rest-perfusion imaging was only used to 
ascertain the stress perfusion defect. Each sequence was 
scored according to the American Heart Association 
17-segment model [11], the true apex was excluded for 
the perfusion images.

The analysis comprised two steps. In step 1, cine, 
T2-weighted and LGE images were analyzed together. 
Underlying obstructive CAD (i.e. coronary etiology) was 
diagnosed in case of (1) regional wall-motion abnormali-
ties and/or subendocardial/transmural hyperintensity 
on T2-weighted and/or LGE images in ≥ 2 segments or 
(2) at least 2 of the 3 sequences abnormal (i.e., regional 
wall-motion abnormalities, subendocardial/transmural 
hyperintensity on T2-weighted or LGE images) in a sin-
gle segment (see Table  2). In case step 1 did not reveal 
a diagnosis, patients underwent stress-perfusion imag-
ing in step 2. Underlying obstructive CAD was diagnosed 
when a regional, persistent perfusion defect was present 
in ≥ 2 adjacent segments, which was not considered an 
artifact [11]. The final analysis included the results of step 
1 and 2 and was positive when either the combination of 
cine, T2-weighted imaging or LGE (step 1) or stress-per-
fusion imaging (step 2) suggested underlying obstructive 
CAD.

ICA analysis
All ICA images were analyzed by an experienced inter-
ventional cardiologist (RT) blinded for the CMR and clin-
ical data. The presence and severity of stenosis (absent, 
wall irregularities (< 20% diameter stenosis), 20–49% 
stenosis, 50–69% stenosis, 70–89% stenosis, 90–99% ste-
nosis and total coronary occlusion) were scored for each 
segment. Obstructive CAD was defined as luminal diam-
eter narrowing of ≥ 70% in any epicardial coronary artery.

Adjudicated diagnosis committee
An independent committee (consisting of one inter-
ventional, one clinical and one imaging cardiologist) 
reviewed all available clinical data, including the CMR 
and ICA results. The following adjudicated diagnoses 
were made: ACS (either MI or unstable angina pectoris 
(UAP)), non-coronary but cardiac etiology (e.g., myocar-
ditis, cardiomyopathy), or unknown etiology. The diagno-
sis of MI was based on the third universal definition [12].

Statistical analysis
Continuous variables are presented as mean ± standard 
deviation when normally distributed (based on Shap-
iro–Wilk test and visual assessment of histograms) or 
as median and interquartile ranges for skewed data. 
Categorical variables are given as frequencies and per-
centages. To compare the groups with and without 
obstructive CAD the independent-samples t-test or 
Mann–Whitney U-test was used for normal and skewed 
continuous data, respectively. The Pearson’s chi-squared 
test (or Fisher’s exact test in case of small numbers) was 
used for categorical variables. To assess the diagnostic 
accuracy of CMR, sensitivity, specificity and overall accu-
racy were calculated to detect obstructive CAD (≥ 70% 
stenosis by ICA) and ACS. Analyses were performed on 
a per-patient level. All statistical analyses were carried 
out using SPSS (version 25.0, Statistical Package for the 
Social Sciences, International Business Machines, Inc., 
Armonk, New York, USA). A p-value < 0.05 was consid-
ered statistically significant.

Results
Study population
The CMR-first arm of the CARMENTA trial comprised 
68 patients. For this sub-analysis, 17 patients were 
excluded because either CMR (n = 8) or ICA were not 
performed (n = 9). Therefore, this sub-analysis is based 
on 51 patients (Fig. 1, Table 1).

Two-thirds of patients (n = 34) had obstructive CAD, 
the majority (71%) having single-vessel disease. The 
average age was 63 ± 10  years. There were significantly 
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Fig. 1  Patient flowchart. A stepwise analysis was used to investigate the diagnostic accuracy of cardiovascular magnetic resonance (CMR) to detect 
CAD (≥ 70% stenosis in any epicardial coronary artery). Green boxes: correct positive or negative results; orange boxes: false-positive or -negative 
results. Abbreviations: CAD coronary artery disease; LGE late gadolinium enhancement; ICA invasive coronary angiography; NSTEMI non-ST elevation 
myocardial infarction
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fewer men in the non-obstructive CAD group compared 
to the obstructive CAD group (29% vs. 62%, P = 0.029). 
All remaining baseline characteristics were comparable 
between both subgroups (Tables 1 and 2). Most patients 
(90%) were at low-to-intermediate risk for 6-month death 
or MI with a GRACE risk-score of 114 ± 22 and were 
representative for the total CARMENTA population [9]. 
The median time between CMR and ICA was 1 day [1–3 
days].

Safety
In general, CMR scanning was well tolerated and no seri-
ous adverse events or complications occurred. Mild side 
effects included dyspnea (n = 1), nausea (n = 2) and rec-
ognizable chest pain (n = 2), that disappeared after dis-
continuation of adenosine. No scan had to be terminated 
prematurely.

Diagnostic accuracy of CMR to detect obstructive CAD
Combined cine, T2-weighted and LGE-CMR imaging 
(step 1) was evaluated in all 51 patients and suggested 
a coronary etiology in 32 (63%; Fig.  1). The sensitivity, 
specificity and overall accuracy to detect obstructive 
CAD were 79% (95%CI 62–91%), 71% (95%CI 44–90%) 
and 77% (95%CI 63–87%), respectively (Table  3). In 19 
(37%) patients, the scan was either normal or equivocal 
and adenosine stress-perfusion imaging was added as a 
second step (Fig. 1). In this cohort, adenosine stress-per-
fusion imaging (step 2) had a sensitivity, specificity and 
overall accuracy of 86% (95%CI 42–100%), 92% (95%CI 
62–100%) and 90% (95%CI 67–99%), respectively to 
detect obstructive CAD. When the results of both steps 
were combined, obstructive CAD was correctly identified 
in 33 of 34 patients (sensitivity 97% (95%CI 85–100%)). 
A coronary etiology was suggested by CMR in 6 out of 

Table 1  Baseline characteristics at initial presentation

Continuous data are presented as mean ± standard deviations or median (interquartile ranges), categorical data as frequencies (%). Significant P-values < 0.05 are 
shown in bold

Bold indicates significant value (P < 0.05)

BMI body mass index, BP blood pressure, CABG coronary artery bypass grafting, CAD coronary artery disease (defined as stenosis ≥ 70%), CK creatinine kinase, 
CRP C-reactive protein, hs-cTnT high-sensitivity cardiac troponin T, TIA transient ischemic attack

Total population
(n = 51)

No-obstructive CAD (n = 17) Obstructive CAD (n = 34) P-value

Age (years) 63.1 ± 9.9 63.4 ± 9.5 63.0 ± 10.2 0.914

Male 26 (51) 5 (29) 21 (62) 0.029
BMI (kg/m2) 27.4 ± 4.2 28.4 ± 4.3 26.8 ± 4.1 0.198

Concomitant vascular disease

 Stroke/TIA 2 (4) 0 (0) 2 (6) 0.547

 Peripheral vascular disease 4 (8) 1 (6) 3 (9) 1.000

Cardiovascular risk factors

 Hypertension 21 (41) 6 (35) 15 (44) 0.546

 Diabetes mellitus 5 (10) 0 (0) 5 (15) 0.156

 Hypercholesterolemia 15 (29) 4 (24) 11 (32) 0.746

 Positive family history 27 (53) 9 (53) 18 (53) 1.000

 Smoking 21 (41) 8 (47) 13 (38) 0.546

 Number of CAD risk factors 1.8 ± 1.2 1.6 ± 1.0 1.8 ± 1.3 0.508

 GRACE risk score 114 ± 22 115 ± 18 113 ± 24 0.801

Physical examination

 Heart rate (bpm) 71 ± 15 72 ± 17 71 ± 14 0.808

 Systolic BP (mmHg) 148 ± 22 141 ± 15 152 ± 24 0.096

 Diastolic BP (mmHg) 81 ± 13 79 ± 14 83 ± 13 0.332

Laboratory assessment

 Hemoglobin (mmol/L) 8.8 ± 0.7 8.9 ± 0.7 8.8 ± 0.8 0.894

 Creatinin (µmol/L) 78 ± 15 76 ± 14 79 ± 16 0.537

 Baseline hs-cTnT (ng/L) 53 (22–107) 48 (21–136) 56 (22–108) 0.865

 Second hs-cTnT (ng/L) 91 (34–212) 47 (22–207) 104 (42–213) 0.294

 CK (U/L) 148 (98–213) 148 (100–210) 146 (91–216) 0.646

 CRP (mg/L) 2 (< 1–5) 4 (< 1–5) 1 (< 1–4) 0.095
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the 17 patients (35%) with non-obstructive CAD, leading 
to a specificity of 65% (95%CI 38–86%). Overall accuracy 
remained high at 86% (95%CI 74–94%). After remov-
ing T2-weighted imaging from the initial combination 
of cine and LGE in step 1, followed by adenosine stress-
perfusion imaging (step 2), sensitivity remained high at 
94% (95%CI 80–99%), with a specificity of 65% (95%CI 
38–86%) and accuracy of 84% (95%CI 71–93%). Patient 
examples are shown in Figs. 2, 3, 4.

Adjudicated final diagnosis and CMR findings
The adjudicated final diagnosis was ACS in 43 patients 
(84%; MI, n = 38; UAP, n = 5), stress cardiomyopathy 
(n = 1) and ‘unknown’ (n = 7).

All patients with obstructive CAD (n = 34) on ICA 
were finally diagnosed with ACS (MI, n = 31; UAP, n = 3). 
Of these, 33 (97%) had corresponding CMR abnormali-
ties, while CMR was normal in one. In total, LGE imag-
ing showed an infarct-pattern in 16 (47%), an atypical 
pattern (small focal areas of mid-wall LGE) pattern in 5 
(15%) and was absent in 13 (38%) patients (Table 2).

In those with non-obstructive CAD (n = 17), 9 
patients (53%) were finally diagnosed with ACS (MI, 
n = 7; UAP, n = 2). Of these 9 ACS patients, 4 patients 
(44%) showed an LGE pattern consistent with MI and 1 
had a stress-induced perfusion defect in the absence of 
LGE. An atypical LGE pattern (atypical focal hyperen-
hancement in one segment) was observed in 2 patients 

Table 2  Baseline imaging characteristics

Continuous data are presented as mean ± standard deviations, categorical data as frequencies (%). Significant P-values < 0.05 are shown in bold

CAD coronary artery disease (defined as ≥ 70% diameter stenosis in any epicardial coronary artery), LGE late gadolinium enhancement, LV left ventricular, LVEDV left 
ventricular end diastolic volume, LVEF left ventricular ejection fraction, LVESV left ventricular end systolic volume, LVSV left ventricular stroke volume
a  Subendocardial or transmural LGE consistent with myocardial infarction
b  Small focal areas of mostly mid-wall LGE not consistent with either myocardial infarction, myocarditis or non-ischemic cardiomyopathy

Total population
(n = 51)

Non-obstructive CAD 
(n = 17)

Obstructive CAD (n = 34) P-value

Invasive coronary angiography

 Non-obstructive CAD (< 70% stenosis) 17 (33) 17 (100) 0 (0)

 Single-vessel disease 24 (47) 0 (0) 24 (71)

 Multivessel disease 10 (20) 0 (0) 10 (29)

Cardiac magnetic resonance imaging

 LVEDV (ml) 157 ± 40 148 ± 39 162 ± 40 0.245

 LVESV (ml) 65 ± 24 62 ± 20 67 ± 26 0.502

 LVSV (ml) 92 ± 22 86 ± 25 95 ± 20 0.173

 LVEF (%) 59 ± 7 58 ± 8 60 ± 7 0.542

 LV mass (gr) 107 ± 33 96 ± 28 113 ± 34 0.081

 Suggesting obstructive CAD 38 (75) 6 (29) 33 (97)  < 0.001
 LGE pattern 0.187

 Infarctiona 20 (39) 4 (24) 16 (47)

 Atypicalb 7 (14) 2 (12) 5 (15)

 Absent 24 (47) 11 (64) 13 (38)

Table 3  Diagnostic accuracy of CMR to detect obstructive CAD

Numbers are presented as percentages (with 95% confidence intervals)

Obstructive CAD = coronary artery disease (defined as ≥ 70% stenosis in any epicardial coronary artery); LGE = late gadolinium enhancement. Step 1 abnormal: (1) 
regional wall-motion abnormalities, and/or subendocardial/transmural hyperintensity on T2-weighted and/or LGE in ≥ 2 segments or (2) at least 2 of 3 sequences 
abnormal in a single segment. Step 2 abnormal (only performed when step 1 was normal or equivocal): persistent subendocardial/transmural perfusion defect in ≥ 2 
adjacent segments. Step 3 abnormal: abnormal results step 1 or 2

CMR sequence Sensitivity (%) Specificity (%) Overall accuracy (%)

Step 1 Combination of cine, T2-weighted 
and LGE (n = 51)

79 (62–91) 71 (44–90) 77 (63–87)

Step 2 Vasodilator stress-perfusion imag-
ing (n = 19)

86 (42–100) 92 (62–100) 90 (67–99)

Step 3 Final analysis
(n = 51)

97 (85–100) 65 (38–86) 86 (74–94)
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and CMR was normal in 2 patients. Of the remaining 8 
patients, 1 was diagnosed with a stress cardiomyopathy 
based on early CMR findings and follow-up imaging, 
while CMR was normal in 7 in whom the final diagnosis 
remained ‘unknown’. In total, LGE showed an infarct-
pattern in 4 (24%), an atypical pattern in 2 (12%) and 
was absent in 11 (64%) patients (Table 2).

Diagnostic accuracy of CMR to detect acute coronary 
syndrome as the final diagnosis
CMR correctly diagnosed 38 out of 43 (88%) patients 
with ACS. The sensitivity, specificity and overall accu-
racy of CMR to detect ACS were 88% (95%CI 75–96%), 
88% (95%CI 47–100%), and 88% (95%CI 76–96%), 
respectively.

Discussion
The present study shows that a comprehensive multi-
component CMR analysis integrating a stepwise com-
bination of cine, T2-weighted and LGE with adenosine 
vasodilator stress-perfusion imaging has excellent sensi-
tivity, reasonable specificity and overall good accuracy to 
detect obstructive CAD in patients with hs-cTnT positive 
suspected NSTEMI (Fig.  5a, b). Although one-third of 
patients had non-obstructive CAD, 24% nonetheless had 
an MI based on CMR (Fig. 5c). When using the full diag-
nostic potential of CMR and testing its accuracy to detect 
ACS rather than obstructive CAD, specificity increased 
from 65 to 88% while sensitivity remained high at 88% 
(Fig. 5b).

Early and accurate detection of acute MI is critical to 
initiate appropriate management and improve prognosis. 

ba

dc

*
Fig. 2  Patient example. Upper row: basal-inferior-inferoseptal edema on T2-weighted short axis left ventricular image (a arrowheads), 50–75% 
transmural basal-inferior-inferoseptal myocardial infarction with microvascular obstruction (b arrowheads). Lower row: total occlusion of the mid 
right coronary artery (c arrowhead), 71–90% mid left anterior descending artery stenosis (d arrowhead) with collaterals to right coronary artery (d 
asterisk)
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This can be challenging, especially when high sensitiv-
ity troponins are (mildly) elevated and symptoms and/
or the electrocardiogram less specific. In the appropri-
ate clinical context and according to the fourth universal 
definition of MI, demonstrating either (regional) myocar-
dial dysfunction or obstructive CAD can be diagnostic 
of acute MI [13]. In accordance with current guidelines, 
patients are often referred for ICA as initial diagnostic 
step to either demonstrate or exclude obstructive CAD 
[1]. However, 9–29% of patients with elevated troponin 
levels do not have obstructive CAD and are designated 
as having MINOCA [14, 15]. Our results and those of a 
ROMICAT-2 sub-study show that non-obstructive CAD 
is even more prevalent (33%) in the current hs-cTn era, 
increasingly posing clinicians for a diagnostic dilemma 
[16]. Because higher initial hs-cTn levels and/or larger 

delta values increase the likelihood of a coronary etiology 
(acute MI), this diagnostic uncertainty mainly arises in 
patients in whom hs-cTn values are only mildly elevated 
(so-called observe zone) [4]. Moreover, the introduction 
of hs-cTn assays into clinical practice has increased the 
referral of patients to ICA and associated revasculariza-
tion procedures without improving outcome [17]. Alto-
gether, this raises the question whether ICA is still the 
preferable initial diagnostic step for patients with acute 
chest pain, especially when hs-cTn levels are mildly ele-
vated [1]. Non-invasive imaging techniques with simi-
larly high sensitivity to detect obstructive CAD could be 
realistic alternatives to improve patient selection for fol-
low-up invasive management.

Thus far, several non-invasive diagnostic strategies 
to evaluate acute chest pain and improve patient man-
agement in the emergency department and selection 
for ICA have been investigated. CTA allows accurate 
exclusion of CAD as well as identification of high-risk 

a

b

Fig. 3  Patient example. a: adenosine stress-perfusion scan showing 
50% transmural mid-anterior-anteroseptal perfusion defect 
(arrowheads). b: > 90% stenosis in the mid left anterior descending 
artery (arrowhead)

a

b

Fig. 4  Patient example. a: limited subendocardial mid-inferior 
myocardial infarction (arrowhead). b: normal coronary angiogram, 
only right coronary artery shown
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coronary plaque features that increase the likelihood 
of acute MI. Implementing CTA early in the diagnostic 
work-up of NSTEMI patients safely reduced the num-
ber of ICA compared to standard of care in one trial 
[9] but not in another [18]. Nonetheless, only ~ 40% 
of unselected patients in the emergency department 
are eligible for this approach because of contraindica-
tions for CTA or pre-existing CAD that may compli-
cate interpretation of CTA findings during the index 
visit [4]. Furthermore, additional non-invasive testing is 
often needed to find a diagnosis when CAD has been 
excluded by CTA. CMR may be useful in this setting as 
it can accurately detect myocardial ischemia [19] and 
differentiate acute from chronic myocardial injury [20]. 
CMR also allows differentiating ischemic from other 
patterns of myocardial injury and is a key diagnostic 
tool in MINOCA, revealing a new diagnosis in 65–77% 
[5, 21].

Few studies have investigated the usefulness of com-
prehensive CMR imaging in patients with acute chest 
pain and suspected NSTEMI [22–28]. Although these 
studies cannot be compared directly because of dif-
ferences in study population, design, prevalence of 
NSTEMI, CMR protocol and outcome measures, they 
all share a high sensitivity (up to 92%) and specificity (up 
to 96%). Our results corroborate that performing adeno-
sine stress-perfusion CMR early (prior to ICA) is feasi-
ble and safe, because adenosine was well tolerated and no 
adverse events occurred [23, 24, 26, 28]. Our study is the 
first to investigate the diagnostic accuracy of early vaso-
dilator stress-perfusion CMR in patients with NSTEMI 
with elevated hs-cTn levels. By itself, stress-perfusion 
CMR had good sensitivity and specificity (86% and 92%, 
respectively) to detect obstructive CAD when the combi-
nation of cine, T2-weighted and LGE-CMR was normal 
or equivocal. Adding stress-perfusion CMR to the model 
further increased the sensitivity from 79 to 97%, while 

minimally affecting specificity, which remained mod-
est at 65%. This modest specificity is largely explained by 
the detection of MI by CMR in the absence of obstruc-
tive CAD. In agreement, the specificity of CMR to detect 
ACS was very high at 88%, suggesting that the use of ICA 
as reference standard should be reconsidered.

Indeed, one-third of patients (n = 17) did not have 
obstructive CAD. CMR led to a diagnosis in 6 (35%), of 
whom 4 (24%) still had an MI by CMR. Potential mecha-
nisms may include coronary artery spasm or transitory 
thrombotic occlusion with self-lysis. Without CMR, 
these MI probably would have been missed and appropri-
ate medical therapy withheld.

One patient was diagnosed with a stress cardiomyo-
pathy, because of regional wall-motion abnormalities 
that normalized during follow-up and one patient with 
microvascular disease (regional hypoperfusion), who 
was finally diagnosed with unstable angina. The diagnos-
tic yield of CMR in our study is lower than in previous 
reports, in which CMR led to a diagnosis in approxi-
mately two-thirds of patients with chest pain, elevated 
troponins and non-obstructive CAD. The prevalence of 
MI in our study was similar to these previous studies, 
but myocarditis was not observed at all in our study [5, 
21]. The lower diagnostic yield in our study in compari-
son to previous studies, might be because patients had 
lower troponin levels and therefor too little necrosis to be 
detected by CMR. In addition, the requirement that both 
CMR and ICA had to be performed may have biased the 
results away from finding alternative diagnoses by CMR.

Future perspectives
Our results strongly support the gatekeeping poten-
tial of early CMR in patients with suspected NSTEMI 
and select those who benefit most from additional ICA. 
When shown cost-effective, early CMR may become 
routine clinical practice in the future. The present work 
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evaluated a range of sequences to establish the value of 
CMR. In this research setting, total duration of the CMR 
scan was approximately 1  h. Future work should inves-
tigate optimization of sequences to reduce total scan 
time and allow embedding in routine clinical practice. 
For example, our data already suggest that T2-weighted 
imaging may be omitted. A major advantage of early 
CMR is its overall diagnostic potential in a single inves-
tigation, leading to a diagnosis in a substantial number 
of patients, especially when obstructive CAD is excluded 
[21]. The diagnostic potential of CMR may be further 
increased when using myocardial blood flow quantifica-
tion to improve the detection of microvascular disease 
and/or mapping techniques to improve the detection of 
myocarditis, iron overload, amyloid, Anderson-Fabry’s 
disease or other cardiomyopathies [29].

Study limitations
This study is a sub-analysis of a larger randomized trial 
and included a relatively small number of patients. Nev-
ertheless, this sample was representative of the original 
study population. While promising, prudence needs 
to be displayed to widely implement early CMR in all 
NSTEMI patients because our results may not apply to 
all patients and additional validation in multi-center 
studies is needed. In particular, patients with previously 
known CAD, known cardiomyopathy, evident type-2 MI 
and high-risk NSTEMI patients were excluded in the ini-
tial trial. For safety reasons, rest-perfusion imaging was 
performed prior to adenosine stress-perfusion imaging 
and this may have affected diagnostic accuracy. Although 
the sensitivity was still high at 86%, changing the order 
of performing stress prior to rest may have identified the 
only missed patient with obstructive CAD. Finally, we 
used an anatomical rather than a functional endpoint. 
Although functional assessment of CAD using fractional 
flow reserve (FFR) may overcome the limitations of lumi-
nography, usual care in NSTEMI is still based on visual 
interpretation of CAD severity. When we would have 
used FFR, this might have been to the advantage or dis-
advantage for CMR, since a visually obstructive lesion 
can be re-classified as non-significant or a non-obstruc-
tive lesion can be reclassified as significant by FFR. In the 
end, CMR has been shown to favorably compare with 
FFR [30].

Conclusions
Non-obstructive CAD is prevalent in suspected NSTEMI 
and a comprehensive multicomponent CMR analysis 
including adenosine stress-perfusion is feasible, safe and 
a potentially useful gatekeeper for ICA. Incorporating 

CMR early in the diagnostic strategy can safely avoid ICA 
in a substantial number of NSTEMI patients.

Abbreviations
ACS: Acute coronary syndrome; CAD: Coronary artery disease; CMR: Cardio-
vascular magnetic resonance; CTA​: Computed tomography angiography; 
FFR: Fractional flow reserve; hs-cTn: High-sensitivity cardiac troponin; hs-cTnT: 
High-sensitivity cardiac troponin T; ICA: Invasive coronary angiography; LGE: 
Late gadolinium enhancement; LV: Left ventricle/left ventricular; LVEDV: Left 
ventricular end-diastolic volume; LVEF: Left ventricular ejection fraction; LVESV: 
Left ventricular end-systolic volume; LVSV: Left ventricular stroke volume; MI: 
Myocardial infarction; MINOCA: Myocardial infarction with non-obstructive 
coronary arteries; NSTEMI: Non-ST elevation myocardial infarction; UAP: Unsta-
ble angina pectoris.

Acknowledgements
Not applicable.

Authors’ contributions
Drafting of the manuscript: YJMvC, MWS, HJGMC, RJK, JEW, JH, SCAMB. Imag-
ing and statistical analysis: YJMvC, MWS, RALJT, SCG, SMJvK, JH, SCAMB. Critical 
revision of the manuscript: YJMvC, MWS, BPA, GPB, AMAM, SMJvK, SS, HJGMC, 
RJK, JEW, JH, SCAMB. Final approval: YJMvC, MWS, RALJT, SCG, BPA, GPB, 
AMAM, SMJvK, SS, HJGMC, RJK, JEW, JH, SCAMB. All authors read and approved 
the final manuscript.

Funding
This work was supported by The Weijerhorst Foundation, Limburg, The Neth-
erlands, and by the Netherlands Heart Foundation (Grant Number 2014T051 
to M.W. Smulders).

Availability of data and materials
The dataset used and analyzed during the current study is available from the 
corresponding author on reasonable request.

Ethics approval and consent to participate
The CARMENTA trial was approved by the institutional ethics committee 
of the Academic Hospital Maastricht/University Maastricht and conducted 
according to the principles of the Declaration of Helsinki. All patients provided 
written informed consent before randomization. The CARMENTA trial has been 
registered at ClinicalTrials.gov (identifier NCT01559467).

Consent for publication
All patients provided written informed consent.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Department of Radiology and Nuclear Medicine, Maastricht UMC+, Maas-
tricht, The Netherlands. 2 Department of Cardiology, Maastricht UMC+, 
Maastricht, The Netherlands. 3 Cardiovascular Research Institute Maastricht 
(CARIM), Maastricht University, Maastricht, The Netherlands. 4 Department 
of Clinical Chemistry, Maastricht UMC+, Maastricht, The Netherlands. 
5 Department of Clinical Epidemiology & Medical Technology Assessment 
(KEMTA), Maastricht UMC+, Maastricht, The Netherlands. 6 Duke Cardiovas-
cular Magnetic Resonance Center, Duke University Medical Center, Durham, 
NC, USA. 7 Maastricht University Medical Center, P. Debyelaan 25, P.O. Box 5800, 
6202 AZ Maastricht, The Netherlands. 

Received: 22 May 2020   Accepted: 2 February 2021

References
	1.	 Collet JP, Thiele H, Barbato E, Barthelemy O, Bauersachs J, Bhatt DL, et al. 

ESC Guidelines for the management of acute coronary syndromes in 



Page 11 of 11van Cauteren et al. J Cardiovasc Magn Reson           (2021) 23:40 	

patients presenting without persistent ST-segment elevation. Eur Heart J. 
2020. https://​doi.​org/​10.​1093/​eurhe​artj/​ehaa5​75.

	2.	 Patel MR, Peterson ED, Dai D, Brennan JM, Redberg RF, Anderson HV, et al. 
Low diagnostic yield of elective coronary angiography. N Engl J Med. 
2010;362(10):886–95.

	3.	 Heitner JF, Senthilkumar A, Harrison JK, Klem I, Sketch MH Jr, Ivanov 
A, et al. Identifying the infarct-related artery in patients with non-
ST-segment-elevation myocardial infarction. Circ Cardiovasc Interv. 
2019;12(5):e007305.

	4.	 Nestelberger T, Wildi K, Boeddinghaus J, Twerenbold R, Reichlin T, 
Gimenez MR, et al. Characterization of the observe zone of the ESC 2015 
high-sensitivity cardiac troponin 0h/1h-algorithm for the early diagnosis 
of acute myocardial infarction. Int J Cardiol. 2016;207:238–45.

	5.	 Mahrholdt H, Wagner A, Judd RM, Sechtem U, Kim RJ. Delayed enhance-
ment cardiovascular magnetic resonance assessment of non-ischaemic 
cardiomyopathies. Eur Heart J. 2005;26(15):1461–74.

	6.	 Kim HW, Farzaneh-Far A, Kim RJ. Cardiovascular magnetic resonance in 
patients with myocardial infarction: current and emerging applications. J 
Am Coll Cardiol. 2009;55(1):1–16.

	7.	 Buckert D, Witzel S, Steinacker JM, Rottbauer W, Bernhardt P. Compar-
ing cardiac magnetic resonance-guided versus angiography-guided 
treatment of patients with stable coronary artery disease: results from 
a prospective randomized controlled trial. JACC Cardiovasc Imaging. 
2018;11(7):987–96.

	8.	 Greenwood JP, Ripley DP, Berry C, McCann GP, Plein S, Bucciarelli-Ducci 
C, et al. Effect of care guided by cardiovascular magnetic resonance, 
myocardial perfusion scintigraphy, or NICE guidelines on subsequent 
unnecessary angiography rates: the CE-MARC 2 randomized clinical trial. 
JAMA. 2016;316(10):1051–60.

	9.	 Smulders MW, Kietselaer B, Wildberger JE, Dagnelie PC, Brunner-La Rocca 
HP, Mingels AMA, et al. Initial imaging-guided strategy versus routine care 
in patients with non-ST-segment elevation myocardial infarction. J Am 
Coll Cardiol. 2019;74(20):2466–77.

	10.	 Smulders MW, Kietselaer BL, Das M, Wildberger JE, Crijns HJ, Veenstra LF, 
et al. The role of cardiovascular magnetic resonance imaging and com-
puted tomography angiography in suspected non-ST-elevation myocar-
dial infarction patieJ Cardiovasc Magn Resonnts: design and rationale of 
the CARdiovascular Magnetic rEsoNance imaging and computed Tomog-
raphy Angiography (CARMENTA) trial. Am Heart J. 2013;166(6):968–75.

	11.	 Schulz-Menger J, Bluemke DA, Bremerich J, Flamm SD, Fogel MA, Frie-
drich MG, et al. Standardized image interpretation and post processing in 
cardiovascular magnetic resonance: Society for Cardiovascular Magnetic 
Resonance (SCMR) board of trustees task force on standardized post 
processing. J Cardiovasc Magn Reson. 2013;15:35.

	12.	 Thygesen K, Alpert JS, Jaffe AS, Simoons ML, Chaitman BR, White HD, 
et al. Third universal definition of myocardial infarction. Eur Heart J. 
2012;33(20):2551–67.

	13.	 Thygesen K, Alpert JS, Jaffe AS, Chaitman BR, Bax JJ, Morrow DA, et al. 
Fourth universal definition of myocardial infarction (2018). Eur Heart J. 
2019;40(3):237–69.

	14.	 Melki D, Lugnegard J, Alfredsson J, Lind S, Eggers KM, Lindahl B, et al. 
Implications of introducing high-sensitivity cardiac troponin T into 
clinical practice: data from the SWEDEHEART Registry. J Am Coll Cardiol. 
2015;65(16):1655–64.

	15.	 Patel MR, Chen AY, Peterson ED, Newby LK, Pollack CV Jr, Brindis RG, et al. 
Prevalence, predictors, and outcomes of patients with non-ST-segment 
elevation myocardial infarction and insignificant coronary artery disease: 
results from the Can Rapid risk stratification of Unstable angina patients 
Suppress ADverse outcomes with Early implementation of the ACC/AHA 
Guidelines (CRUSADE) initiative. Am Heart J. 2006;152(4):641–7.

	16.	 Ferencik M, Liu T, Mayrhofer T, Puchner SB, Lu MT, Maurovich-Horvat P, 
et al. hs-Troponin I followed by CT angiography improves acute coro-
nary syndrome risk stratification accuracy and work-up in acute chest 
pain patients: results from ROMICAT II Trial. JACC Cardiovasc Imaging. 
2015;8(11):1272–81.

	17.	 Sanchis J, Garcia-Blas S, Mainar L, Mollar A, Abellan L, Ventura S, et al. 
High-sensitivity versus conventional troponin for management 
and prognosis assessment of patients with acute chest pain. Heart. 
2014;100(20):1591–6.

	18.	 Dedic A, Lubbers MM, Schaap J, Lammers J, Lamfers EJ, Rensing BJ, 
et al. Coronary CT angiography for suspected ACS in the era of high-
sensitivity troponins: randomized multicenter study. J Am Coll Cardiol. 
2016;67(1):16–26.

	19.	 Jaarsma C, Leiner T, Bekkers SC, Crijns HJ, Wildberger JE, Nagel E, et al. 
Diagnostic performance of noninvasive myocardial perfusion imaging 
using single-photon emission computed tomography, cardiac magnetic 
resonance, and positron emission tomography imaging for the detection 
of obstructive coronary artery disease: a meta-analysis. J Am Coll Cardiol. 
2012;59(19):1719–28.

	20.	 Smulders MW, Bekkers SC, Kim HW, Van Assche LM, Parker MA, Kim RJ. 
Performance of CMR methods for differentiating acute from chronic MI. 
JACC Cardiovasc Imaging. 2015;8(6):669–79.

	21.	 Pasupathy S, Air T, Dreyer RP, Tavella R, Beltrame JF. Systematic review of 
patients presenting with suspected myocardial infarction and nonob-
structive coronary arteries. Circulation. 2015;131(10):861–70.

	22.	 Cury RC, Shash K, Nagurney JT, Rosito G, Shapiro MD, Nomura CH, et al. 
Cardiac magnetic resonance with T2-weighted imaging improves 
detection of patients with acute coronary syndrome in the emergency 
department. Circulation. 2008;118(8):837–44.

	23.	 Heitner JF, Klem I, Rasheed D, Chandra A, Kim HW, Van Assche LM, et al. 
Stress cardiac MR imaging compared with stress echocardiography in the 
early evaluation of patients who present to the emergency department 
with intermediate-risk chest pain. Radiology. 2014;271(1):56–64.

	24.	 Ingkanisorn WP, Kwong RY, Bohme NS, Geller NL, Rhoads KL, Dyke CK, 
et al. Prognosis of negative adenosine stress magnetic resonance in 
patients presenting to an emergency department with chest pain. J Am 
Coll Cardiol. 2006;47(7):1427–32.

	25.	 Kwong RY, Schussheim AE, Rekhraj S, Aletras AH, Geller N, Davis J, et al. 
Detecting acute coronary syndrome in the emergency department with 
cardiac magnetic resonance imaging. Circulation. 2003;107(4):531–7.

	26.	 Chiu CW, So NM, Lam WW, Chan KY, Sanderson JE. Combined first-pass 
perfusion and viability study at MR imaging in patients with non-ST 
segment-elevation acute coronary syndromes: feasibility study. Radiol-
ogy. 2003;226(3):717–22.

	27.	 Layland J, Oldroyd KG, Curzen N, Sood A, Balachandran K, Das R, et al. 
Fractional flow reserve vs. angiography in guiding management to 
optimize outcomes in non-ST-segment elevation myocardial infarction: 
the British Heart Foundation FAMOUS-NSTEMI randomized trial. Eur Heart 
J. 2015;36(2):100–11.

	28.	 Plein S, Greenwood JP, Ridgway JP, Cranny G, Ball SG, Sivananthan 
MU. Assessment of non-ST-segment elevation acute coronary syn-
dromes with cardiac magnetic resonance imaging. J Am Coll Cardiol. 
2004;44(11):2173–81.

	29.	 Messroghli DR, Moon JC, Ferreira VM, Grosse-Wortmann L, He T, Kellman 
P, et al. Clinical recommendations for cardiovascular magnetic resonance 
mapping of T1, T2, T2* and extracellular volume: a consensus statement 
by the Society for Cardiovascular Magnetic Resonance (SCMR) endorsed 
by the European Association for Cardiovascular Imaging (EACVI). J Cardio-
vasc Magn Reson. 2017;19(1):75.

	30.	 Danad I, Szymonifka J, Twisk JWR, Norgaard BL, Zarins CK, Knaapen P, 
et al. Diagnostic performance of cardiac imaging methods to diagnose 
ischaemia-causing coronary artery disease when directly compared with 
fractional flow reserve as a reference standard: a meta-analysis. Eur Heart 
J. 2017;38(13):991–8.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1093/eurheartj/ehaa575

	Cardiovascular magnetic resonance accurately detects obstructive coronary artery disease in suspected non-ST elevation myocardial infarction: a sub-analysis of the CARMENTA Trial
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusion: 

	Background
	Methods
	Study population
	CMR scan protocol
	Image acquisition
	CMR analysis
	ICA analysis
	Adjudicated diagnosis committee
	Statistical analysis

	Results
	Study population
	Safety
	Diagnostic accuracy of CMR to detect obstructive CAD
	Adjudicated final diagnosis and CMR findings
	Diagnostic accuracy of CMR to detect acute coronary syndrome as the final diagnosis

	Discussion
	Future perspectives
	Study limitations

	Conclusions
	Acknowledgements
	References


