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in a preclinical phase, before transforming into 
a stable symptomatic phase or an acute coronary 
syndrome, possibly leading to ischemic cardio‑
myopathy and heart failure.3,4

Cardiac magnetic resonance imaging (CMR) 
is a noninvasive imaging modality with high re‑
producibility, safety, and cost‑effectiveness.5,6 
It is characterized by unparalleled versatility in 
terms of assessing cardiac function and mor‑
phology, for which CMR is the reference imaging 
method.7 CMR using late gadolinium enhance‑
ment (LGE‑CMR) is the gold standard for de‑
tecting the presence and extent of infarct scar, 
being a strong predictor of clinical outcomes.3,8,9

The aim of our review was to comprehensive‑
ly summarize up‑to‑date knowledge of the diag‑
nostic utility of CMR for detecting myocardial 

Introduction  Despite the tremendous im‑
provement in diagnostic and therapeutic options 
during the last decades, ischemic heart disease 
remains the leading cause of death worldwide, 
accounting for about 17% of all deaths and 10% 
of years of life lost according to the recent World 
Health Organization report.1 In Poland, ischemic 
heart disease is also accountable for the highest 
number of years of life lost by one person who 
died: each man who died from ischemic heart 
disease in 2014 lost on average 18 years of life, 
whereas each woman lost 11 years of life.2 Isch‑
emic heart disease is a chronic progressive dis‑
ease caused by coronary atherosclerosis, func‑
tional alterations of epicardial vessels, and/or 
impairment of microcirculation. All these condi‑
tions can be present quiescently for many years 
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ABSTRACT
The new 2019 European Society of Cardiology guidelines for the diagnosis and management of chronic 
coronary syndromes emphasize the role of noninvasive functional imaging of myocardial ischemia in 
diagnosing coronary artery disease to guide decision making regarding revascularization. Cardiac magnetic 
resonance imaging (CMR) stands out relative to other imaging modalities given its high safety profile, 
absence of ionizing radiation, and its versatility in encoding various image contrasts. It also allows 
an assessment of myocardial function, ischemia, and viability as well as permits tissue characterization 
including detection of edema in a single examination. In recent years, a number of meta‑analyses and 
studies considering the role of CMR for detecting ischemia have been published. The recent multicenter 
randomized MR‑INFORM trial has demonstrated the clinical utility of CMR in patients with stable angina 
and cardiovascular risk factors. This landmark study has proved that a perfusion CMR‑based strategy 
leads to a lower number of revascularizations while being noninferior to an invasive coronary angiography 
with fractional flow reserve–guided therapy in terms of major adverse cardiac events at 1 year. In light 
of recent and future technical improvements, CMR will become increasingly important in the assessment 
of myocardial ischemia in patients with chronic coronary syndromes.
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preference, and local resources. A presence of de‑
terminants of the clinical likelihood of CAD, in‑
cluding cardiovascular risk factors, changes in 
resting ECG, LV dysfunction, abnormal exercise 
ECG, and coronary calcium assessable by com‑
puted tomography (CT) should be evaluated for 
a more accurate estimation of individual PTP.

The new guidelines allow the use of either 
coronary CT angiography (CCTA) or noninva‑
sive functional imaging of ischemia (by means 
of CMR, stress echocardiography, myocardial 
perfusion scintigraphy by single‑photon emis‑
sion CT [SPECT] or positron emission tomogra‑
phy) as the initial diagnostic test. However, in 
the case of coronary stenosis detected by CCTA 
or invasive angiography, further noninvasive 
or invasive functional testing is recommended 
for revascularization decisions (with exclusion 
of >90% diameter stenosis detected during in‑
vasive angiography). Therefore, CCTA should be 
used mainly in patients with low PTP, without 
previous diagnosis of CAD, and when good im‑
age quality is expected. In young patients, tech‑
niques without radiation (ie, CMR, stress echo‑
cardiography) are preferred.4

Ischemia detection in chronic coronary 
syndromes  According to the current 2018 
ESC / European Association for Cardio‑Thoracic 
Surgery guidelines on myocardial revasculariza‑
tion, noninvasive functional imaging is recom‑
mended as the first‑line approach in patients 
with CCS, regional wall motion abnormalities, 
or reduced LV ejection fraction (LVEF), who are 
considered suitable for subsequent coronary 
revascularization.4,12

Although conventional exercise stress test can 
reflect the real physical capacities of patients, 
it has numerous limitations. Due to low sensi‑
tivity and specificity in detecting obstructive 
CAD, it may be considered as an alternative di‑
agnostic test only when other methods are un‑
available.4 Superior diagnostic ability of stress 
imaging may distinguish patients who should 

ischemia in chronic coronary syndromes (CCS) 
and for guiding revascularization.

The ischemic cascade  Angina pectoris and 
myocardial infarction occur late in patients suf‑
fering from coronary artery disease (CAD), being 
the last stage in the ischemic cascade. The first 
steps may be asymptomatic; therefore, sensitive 
diagnostic tests are needed. At the very begin‑
ning of the ischemic cascade, an imbalance be‑
tween oxygen supply and demand occurs, caus‑
ing a reduction of myocardial perfusion, fol‑
lowed by left ventricular (LV) diastolic dysfunc‑
tion and regional wall motion abnormalities. 
Later, electrical alteration develops that can be 
observed on electrocardiography (ECG). Finally, 
patients experience chest pain (FIGURE 1). The de‑
tection of myocardial perfusion defects is cru‑
cial for the early diagnosis of ischemia, because 
it appears earlier than diastolic and systolic dys‑
function assessed by echocardiography or ECG. 
Evaluation and prompt management of silent 
myocardial ischemia could prevent angina pec‑
toris and acute coronary syndrome in patients 
with CAD.7,10,11

Role of noninvasive diagnostic techniques 
in patients with suspected coronary ar‑
tery disease  The  2019 European Society 
of Cardiology (ESC) guidelines for the diagno‑
sis and management of chronic coronary syn‑
dromes emphasize the importance of assessing 
the clinical likelihood of CAD to avoid unnec‑
essary diagnostic tests and possible false-posi‑
tive results. Noninvasive diagnostics is recom‑
mended for patients, with a pretest probability 
(PTP) of more than 15%. Due to a newly defined 
PTP threshold and in the light of current clin‑
ical practice, the guidelines also allow to con‑
sider diagnostic testing in patients with lower 
PTP (5%–15%). However, the higher likelihood 
of a false‑positive result must be taken into ac‑
count, and the individual decision should be 
made according to clinical judgment, patient 
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�FIGURE 1  The ischemic cascade. Asterisks indicate the stages of ischemic cascade that are routinely assessed by cardiac magnetic resonance imaging.

�Abbreviations: ECG, electrocardiographic
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underwent index revascularization, whereas in 
the FFR group, 45% of patients underwent in‑
dex revascularization. Therefore, the use of per‑
fusion CMR was associated with a significantly 
lower number of invasive procedures.20,21

In the literature, there are also numerous 
meta‑analyses of  stress perfusion CMR in 
comparison with other cardiac imaging meth‑
ods and invasive FFR, which have confirmed 
the high diagnostic accuracy of CMR on both 
a per‑patient and per‑vessel basis.22‑26 Accord‑
ing to these meta‑analyses, perfusion CMR 
has a sensitivity of 89% to 90% and specifici‑
ty of 85% to 94% on a per‑patient basis, as well 
as a sensitivity of 87% to 91% and specificity 
of 85% to 91% on a per‑vessel basis, when com‑
pared with the gold standard of invasive FFR 
measurements.22,25,26

Prognostic value of stress cardiac magnetic reso‑
nance imaging  The importance of stress per‑
fusion CMR is not only due to its high diagnos‑
tic accuracy but also due to its ability to predict 
cardiac outcome and individual patient progno‑
sis.6,27‑34 Jahnke et al28 have shown that patho‑
logical adenosine‑stress CMR (defined as ≥1 seg‑
ment with an inducible perfusion deficit of >25% 
transmurality) or pathological dobutamine
‑stress CMR (≥1 segment with an inducible wall 
motion abnormality) identified patients at high 
risk for subsequent cardiac death or nonfatal 
myocardial infarction, whereas patients with 
normal stress CMR were at very low risk for car‑
diovascular events (3‑year event‑free survival, 
84% vs 99%). Vincenti et al31 found that ischemia 
of at least 1.5 myocardial segments (equivalent 
to ~9% of the LV myocardium) in stress CMR was 
the strongest predictor of cardiac death, non‑
fatal acute myocardial infarction, and late cor‑
onary revascularization (>90 days after CMR). 
Patients without or with only one ischemic seg‑
ment had excellent outcomes and could thus be 
spared revascularization.

A meta‑analysis of 19 studies (14 with vaso‑
dilator stress, 4 with dobutamine, and 1 using 
both), including 11 636 patients with a mean 
follow‑up of 32 months, highlighted that a neg‑
ative stress CMR is associated with very low risk 
of cardiovascular death and acute myocardial in‑
farction and therefore has an excellent prognos‑
tic value in patients with known or suspected 
CAD. No significant difference between vasodila‑
tor and dobutamine‑stress CMR was observed.30

Revascularization in chronic coronary syn‑
dromes  According to current ESC guidelines, 
myocardial revascularization is recommended 
for patients with CCS when symptoms of angina 
persist despite optimal medical therapy, includ‑
ing antianginal drugs. It should also be consid‑
ered in patients with CAD and a large area of isch‑
emia documented in a functional noninvasive 

undergo revascularization to improve their 
prognosis from those who will not benefit from 
invasive management.4,12 The current ESC guide‑
lines do not favor any of the stress imaging tech‑
niques, but simply describe advantages and dis‑
advantages of each method.4,12

Stress cardiac magnetic resonance imaging 
and evidence‑based medicine  To confirm 
the role of CMR in the detection of cardiac isch‑
emia, a few large randomized clinical trials have 
been conducted. To date, there have been 3 ma‑
jor clinical trials (MR‑IMPACT [Magnetic Reso‑
nance Imaging for Myocardial Perfusion Assess‑
ment in Coronary Artery Disease Trial],13 MR

‑IMPACT II,14,15 and CE‑MARC [Clinical Evalua‑
tion of Magnetic Resonance Imaging in Coronary 
Heart Disease])16,17 comparing stress perfusion 
CMR imaging with SPECT. All 3 studies have 
shown noninferiority or superiority of CMR in 
the detection of ischemia. However, coronary 
X‑ray angiography with only quantitative assess‑
ment of coronary stenosis was used as the ref‑
erence standard.13‑17 In the multicenter prospec‑
tive CE‑MARC 2 trial,18,19 1202 patients with 
suspected CAD (PTP, 10%–90%) were random‑
ized to adenosine‑stress CMR–, SPECT-, or Na‑
tional Institute for Health and Care Excellence 
guideline–based management. This study has 
shown that CMR and SPECT significantly re‑
duced the rates of unnecessary invasive coro‑
nary angiography (defined by a normal inva‑
sive fractional flow reserve [FFR >0.8 within 12 
months]).18,19 A detailed comparison of the most 
important prospective randomized clinical tri‑
als for perfusion CMR is presented in Supple‑
mentary material, Table S1.

In June 2019, the results from the landmark 
multicenter study MR‑INFORM (MR Perfu‑
sion Imaging to Guide Management of Patients 
With Stable Coronary Artery Disease), compar‑
ing adenosine‑stress CMR with FFR in patients 
with CAD, were published.20 A total of 918 pa‑
tients with stable typical angina symptoms and 
at least 2 cardiovascular risk factors or positive 
exercise treadmill test results were randomized 
to either a CMR- or invasive FFR–based strategy 
to guide coronary revascularization. Revascular‑
ization was performed when ischemia was ob‑
served for at least 6% of the myocardium or FFR 
was measured to be 0.8 or lower in the noninva‑
sive and invasive group, respectively. The MR

‑INFORM trial proved that adenosine‑stress 
CMR is noninferior to invasive FFR in guiding 
coronary revascularization in patients with CCS. 
There was no difference in primary outcome de‑
fined by major adverse cardiac events (including 
all‑cause mortality, nonfatal myocardial infarc‑
tion, and target‑vessel revascularization) be‑
tween groups during the 12‑month follow‑up. 
In the CMR group, only 48% of patients under‑
went coronary angiography and 36% of patients 
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To date, the most common method to assess per‑
fusion deficits is the visual evaluation performed 
by an experienced physician. However, semi‑
quantitative and quantitative methods may help 
objectify the study results in the near future. 
Semiquantitative analysis uses signal intensi‑
ty changes over time during first‑pass perfu‑
sion for each myocardial segment, whereas ful‑
ly quantitative analysis is based on the calcu‑
lation of the total myocardial blood flow using 
pharmaco‑physiological modelling.54‑59

The great majority of clinical trials, including 
the recent MR‑INFORM study, were performed 
on 1.5‑T scanners (Supplementary material, Ta-
ble S1), although 3.0‑T scanners may potential‑
ly offer advantages with regard to temporal and 
spatial resolution and resulting diagnostic accu‑
racy. The key problems of higher field strength 
are susceptibility artefacts, greater field inho‑
mogeneity, and higher local energy deposition, 
which might be a limitation for numerous mag‑
netic resonance imaging–conditional implants 
and devices.40,53,60‑62

Dobutamine‑stress cardiac magnetic resonance im‑
aging  In contrast to first‑pass perfusion imag‑
ing, where only differences in myocardial perfu‑
sion between the healthy and hypoperfused myo‑
cardium are visualized, dobutamine is an inotro‑
pic and chronotropic agent, which induces max‑
imal vasodilation and therefore leads to true 
ischemia and LV wall motion abnormalities in pa‑
tients with significant CAD. The protocol is sim‑
ilar to the one used in stress echocardiography 
with increasing doses of dobutamine and option‑
al addition of atropine until the target heart rate 
is reached: 85% of the maximal predicted heart 
rate = ([220 – age] × 0.85 bpm). During each stage 
lasting approximately 3 minutes, cine images are 
acquired in all 4 standard geometries (short‑axis, 
2‑chamber, 3‑chamber, and 4‑chamber view; Sup‑
plementary material, Figure S2).

Inotropic stress is an alternative to vasodila‑
tor stress perfusion CMR in patients with severe‑
ly impaired renal function or other contraindica‑
tions to vasodilator medication or gadolinium
‑based CM.7,49,53,63,64 If there are no contraindica‑
tions to the use of CM, dobutamine‑stress CMR 
can be combined with first‑pass perfusion to in‑
crease sensitivity.65,66

In general, a sensitivity of 83% and a speci‑
ficity of 86% on a per‑patient level for the de‑
tection of CAD defined by quantitative angiog‑
raphy (≥50% diameter stenosis) was reported.67

Assessment of  infarct scar and viability 
of the myocardium  The presence and sever‑
ity of perfusion deficits should always be inter‑
preted along with the presence and transmural‑
ity of infarct scars, because revascularization 
should be limited to those cases where the isch‑
emic myocardium has a potential to recover. 

test (ie, >10% of the LV myocardium), abnormal 
invasive FFR, coronary stenosis exceeding 90%, 
or LVEF of 35% or lower due to CAD (Supple‑
mentary material, Figure S1).4,12 However, despite 
these recommendations, there is currently no 
conclusive evidence supporting prognostic ben‑
efits from routine revascularization in patients 
with CCS, significant myocardial ischemia, or he‑
modynamically relevant coronary artery steno‑
sis; therefore, the best management is a subject 
of ongoing debate.4,12,35 For that reason, results 
from the ISCHEMIA trial (International Study 
of Comparative Health Effectiveness with Med‑
ical and Invasive Approaches), which investigates 
whether coronary revascularization, in addition 
to optimal medical therapy, improves prognosis 
in patients with CCS and moderate‑to‑severe 
myocardial ischemia assessed by noninvasive 
imaging, are highly anticipated in early 2020.36‑38

Stress cardiac magnetic resonance imag‑
ing for the assessment of myocardial isch‑
emia  Patients referred for CMR for assessing 
the presence and extent of ischemia undergo ei‑
ther perfusion CMR with a vasodilator (ie, ade‑
nosine, regadenoson, or dipyridamole) and gad‑
olinium contrast media (CM) or dobutamine

‑stress CMR with wall motion analysis. Admin‑
istration of CM gives the unique opportunity 
to combine the diagnosis of myocardial isch‑
emia with the determination of myocardial 
viability (LGE‑CMR). Therefore, this compre‑
hensive technique is preferred in daily clinical 
practice. However, in the case of contraindica‑
tions to gadolinium‑based CM, dobutamine
‑stress with assessment of inducible region‑
al wall motion abnormalities is recommended. 
A comprehensive comparison of medications 
(adenosine, regadenoson, dipyridamole, and 
dobutamine) available for stress CMR is pre‑
sented in TABLE 1.39‑51

Vasodilator stress perfusion cardiac magnetic reso‑
nance imaging  During perfusion CMR, the first

‑pass transit of a gadolinium‑based CM through 
the LV myocardium is observed under hyperemia 
mediated by infusion of a vasodilator. In the 
healthy myocardium, the coronary microvascu‑
lature dilates during exercise and stress ensur‑
ing suitable tissue perfusion, whereas for signif‑
icantly stenosed coronary arteries, the distal mi‑
crovasculature is almost maximally dilated under 
rest conditions and hyperemia provoked by va‑
sodilators triggers a coronary steal effect. A CM 
used in CMR is a T1‑shortening agent; there‑
fore, the rapid passage of the CM bolus through 
the normally perfused LV myocardium appears 
bright in T1‑sensitive pulse sequences, whereas 
hypoperfused segments remain darker. Usually, 
3 short‑axis slices are acquired every heartbeat, 
and the whole first‑pass perfusion scan is per‑
formed during one breath‑hold (FIGURE 2).7,40,49,52,53 
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inversely with the viability of the myocardi‑
um (FIGURE 3).69‑71 It has been shown that infarct 
scars not exceeding 25% of the myocardial wall 
width are most likely to achieve functional re‑
covery after revascularization, whereas seg‑
ments with subendocardial hyperenhance‑
ment greater than 75% are unlikely to recov‑
er.70 A 50% transmurality of LGE has been pro‑
posed as the cutoff value to determine the via‑
ble myocardium that could potentially benefit 
from revascularization.71

As the gadolinium‑based CM is not able to en‑
ter the intracellular space, it is distributed in 
the extracellular volume in the healthy myocar‑
dium but also in myocytes with ruptured cell 
membrane. Therefore, late gadolinium enhance‑
ment (LGE) is visible on T1‑weighted CMR im‑
ages as hyperenhancement in the necrotic myo‑
cardium. The subendocardial pattern of LGE al‑
lows to distinguish infarct scar from other myo‑
cardial fibrosis of nonischemic origin.7,49,53,68 
The transmurality of the infarct scar correlates 

TABLE 1  Comparison of cardiac magnetic resonance stress tests by pharmacological agents used (continued on the next page)

Criteria Adenosine Regadenoson Dipyridamole Dobutamine (+/- atropine)

Mechanism of action Perfusion CMR with a vasodilator induces flow heterogeneity between normal 
and ischemic myocardium

Wall motion abnormality 
induced by ischemia

Nonselective 
adenosine receptor 
agonist

Selective low‑affinity 
A2a specific adenosine 
receptor agonist (very 
weak agonist 
of the A1 adenosine 
receptor, negligible 
affinity to A2B and A3 
adenosine receptors)

Indirect drug acts by  
blocking the cellular 
uptake and 
metabolism 
of endogenous 
adenosine.

β‑adrenergic agonist with 
inotropic and chronotropic 
effect (primarily β1‑adrenergic 
catecholamine with mild α1- 
and β2‑receptor agonist 
activity)

Patient preparation Withhold coffee, tea, chocolate, and aminophylline/theophylline for 12–24 
hours prior to CMR.

Withhold β‑blockers, negatively 
chronotropic calcium 
antagonists, and nitrates for 
at least 24–48 hours prior to 
CMR (in order to achieve 
the target HR).

Contraindications General Severe claustrophobia (persistent after use of sedatives such as midazolam intranasal)
MRI‑unsafe metallic implants, devices, defibrillators or permanent pacemakers (recommended source: 

www.mrisafety.com)

Specific Uncontrolled asthma 
or severe COPD

2nd- or 3rd‑degree AV 
block, type II 2nd
‑degree AV block, 
sick sinus syndrome

Severe hypotension 
(SBP <90 mm Hg)

ACS <3 days
HR <45 bpm
Severe bilateral 

carotid stenosis
QT prolongation
AF or AFl with 

preexcitation
Decompensated heart 

failure
Recent use of digoxin /

verapamil

Uncontrolled asthma (active 
ongoing wheezing)

2nd- or 3rd‑degree AV block, 
type II 2nd‑degree AV 
block, sick sinus syndrome

Severe hypotension 
(SBP <90 mm Hg)

ACS <24 hours
Decompensated heart 

failure

Asthma or tendency to 
bronchospasm

2nd- or 3rd‑degree AV 
block, type II 2nd
‑degree AV block, sick 
sinus syndrome

Severe hypotension 
(SBP <90 mm Hg)

ACS <4 weeks
Recent unexplained 

syncope (within 4 
weeks) or with recent 
TIA

Left ventricular outflow 
obstruction or 
hemodynamic 
instability

Myasthenia gravis

Uncontrolled arterial 
hypertension 
(≥220/120 mm Hg)

ACS <3 days
Severe aortic stenosis
Myo-, endo-, pericarditis
Uncontrolled cardiac 

decompensation
Poorly controlled arrhythmias
Hypertrophic obstructive 

cardiomyopathy
Mobile thrombus in the left 

ventricle / left atrium / left 
atrial appendage

Atropine: narrow angle 
glaucoma, advanced prostate 
hypertrophy, myasthenia 
gravis, obstructive uropathy, 
obstructive gastrointestinal 
disorders

Half-time Approx. 5–10 s
(onset of action after 

30 s)

Approx. 2–5 min
(initial phase: 2–4 min; 

intermediate phase: 
30 min, this phase 
coincides with a loss of the 
pharmacodynamic effect; 
terminal phase: 2 hours)

Approx. 30 min Approx. 2 min

Administration 2 IV cannulas (for 
separate 
administration 
of CM and 
vasodilator)

1 IV cannulas 2 IV cannulas 
(for separate 
administration of CM 
and vasodilator)

1 or 2 IV cannulas (1 if study 
without CM)
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TABLE 1  Comparison of cardiac magnetic resonance stress tests by pharmacological agents used (continued from the previous page)

Criteria Adenosine Regadenoson Dipyridamole Dobutamine (+/- atropine)

CMR 
protocol

Equipment ECG and BP monitoring system, CMR conditional monitoring system, defibrillator, resuscitation material, CMR 
conditional drug infusion pumps or placed outside of the room with long lines to feed into the scanner room

Agent dosage Adenosine infusion 
at 140 µg/min/kg 
for at least 3 min 
(when no response 
observed increase 
dose to 170 µg/min/
kg; if still not 
sufficient, 
210 µg/min/kg)

Regadenoson infusion bolus 
(0.4 mg in a rapid IV 
injection for approx. 10 s)

Dipyridamole infusion 
dose of 0.56 mg/kg 
for 4 min

If needed: 2nd dose 
of 0.28 mg/kg for 2 
min or 0.86 mg/kg for 
6 min

Dobutamine infusion at different 
doses in several stages: 10, 20, 
30, 40 µg/kg/min at 3–5 min 
per stage until 85% 
of the maximal predicted HR 
(0.85 × [220 – age]) is reached.

If the target HR is not achieved, 
doses of atropine may be added 
(0.5–2 mg IV).

Imaging Bolus injection of gadolinium CM (0.05–0.1 mmol/kg) and first‑pass perfusion 
imaging (3 short‑axis slices by every heartbeat)

Rest perfusion imaging after injection of a 2nd contrast dose (this study can be 
omitted in case of severe kidney disease), followed by LGE imaging

During each stage: cine images 
in 3 long‑axis views and min. 
3 short‑axis slices are acquired.

Evaluation of positive response Hemodynamic response (increase of heart rate >10 bpm or drop 
of SBP >10 mm Hg)

Symptoms (heat, difficulty breathing, tolerable chest pain, facial flushing)
Splenic switch off (only for adenosine)

Target HR

Side effects and complications Flushing (35%–40%), 
chest pain 
(25%–30%), 
dyspnea (20%), 
dizziness (7%), 
nausea (5%)

Symptomatic 
hypotension (5%)

AV block (8%), 2nd
‑degree AV block 
(4%), complete 
heart block (<1%);

Bronchospasm (0.1%)
AMI (extremely rare)

Dyspnea (29%), headache 
(27%), flushing (23%), 
chest pain (19%), 
gastrointestinal discomfort 
(15%), dizziness (11%)

Rhythm or conduction 
abnormalities (26%), 1st-
degree AV block (3%), 2nd-
degree AV block (0.1%), 
ventricular conduction 
abnormalities (6%)

Paresthesia, hypoesthesia, 
dysgeusia (0.01–0.1%)

Throat tightness, throat 
irritation, cough 
(0.01%–0.1%)

AMI (extremely rare)
Adverse reactions usually 

resolve during 15–30 min

Headache, dizziness 
(>0.1%)

Chest pain (>0.1%)
Hypotension 

(0.01%–0.1%)
Paresthesia, flushing, 

nausea (0.01%–0.1%)
UA (0.02%)
Acute pulmonary 

edema (0.02%)
VT (0.01%)
AF (0.01%)
Asystole (0.01%)
TIA (0.01%)
AMI (extremely rare)

Severe chest pain (1%)
Severe dyspnea (1%)
Nausea (0.4%)
Urinary urgency (0.1%)
Hypertension ≥220/120 mm Hg 

(0.5%)
Decrease in SBP >40 mm Hg 

(0.3%)
VT (1.24%)
AF (0.5%)
AMI (0.09%)
Rupture of the free wall of the left 

ventricle or septal defect 
(extremely rare)

Indications to stop examination Hemodynamic and subjective positive response
Frequent / complex cardiac arrhythmias
Greater than transient AV block or severe bradycardia
Decrease in SBP >40 mm Hg or severe hypotension (SBP <80 mm Hg)
Wheezing
Severe chest pain
Patient request

Target HR achieved
Severe angina pectoris or 

dyspnea
Complex cardiac arrhythmias
Decrease in SBP ≥40 mm Hg with 

change in reported symptoms
Hypertension ≥240/120 mm Hg
New or worsening wall motion 

abnormalities in ≥1 segment
Patient request

Antidote Stop IV infusion
Aminophylline / 

theophylline

Aminophylline / theophylline Stop IV infusion
Aminophylline / 

theophylline

Stop IV infusion
Esmolol (β‑blocker)

Abbreviations: ACS, acute coronary syndrome; AF, atrial fibrillation; AFl, atrial flutter; AMI, acute myocardial infarction; approx., approximately; AV, atrioventricular; 
BP, blood pressure; CM, contrast media; CMR, cardiac magnetic resonance imaging; COPD, chronic obstructive pulmonary disease; HR, heart rate; IV, intravenous; LGE, late 
gadolinium enhancement; MRI, magnetic resonance imaging; SBP, systolic blood pressure; TIA, transient ischemic attack; UA, unstable angina; VT, ventricular tachycardia; 
others, see FIGURE 1

not undergo revascularization, have poorer 
survival.7 3 It must be noted that the presence 
of infarct scar also predicts cardiovascular 
events in patients without a previous diagno‑
sis of CAD and without LV regional wall mo‑
tion abnormalities.7 2 ,76

It has been shown that infarct size and its 
transmurality assessed by LGE‑CMR are bet‑
ter predictors of mortality and significant 
cardiac events than LVEF and LV volume.7 2‑75 
Furthermore, patients with infarct scar pres‑
ent within the viable myocardium, who do 
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Standard CMR protocols for pharmacologi‑
cal stress and viability assessment are shown 
in Supplementary material, Table S2.

Future perspectives  New techniques in CMR 
image reconstruction and automated quanti‑
tative analysis are developing rapidly and may 
become an alternative to a purely visual inter‑
pretation.56,58,7 7 Therefore, we would like to de‑
scribe some innovative approaches that in our 
opinion have the potential to become an impor‑
tant part of standard CMR evaluation of isch‑
emia in the next decade.

For precise differentiation of stress‑induced 
myocardial ischemia and infarct scar, 3‑dimen‑
sionl (3D) image fusion of whole‑heart dynamic 
CMR perfusion and LGE was proposed.78  Whole
‑heart dynamic CMR perfusion is based on a new 
3D acquisition sequences that allow readout 
of the entire examination volume at once in con‑
trast to routinely used 2D acquisition of separate 
slices.78‑84

Hybrid imaging holds promise for the field 
of cardiac imaging and planning of myocardial 
revascularization. It may be of particular value 
in multivessel disease, where the simultaneous 

A

B

Basal

LAD

50%

60%
90%

80%

Cx

RCA RCA post PCI

Mid-ventricular Apical

�FIGURE 2  A 66‑year‑old physically active male patient with atypical chest pain (pretest probability, 26%) with cardiovascular risk 
factors (arterial hypertension, dyslipidemia, type 2 diabetes mellitus, adiposity, former smoking) was referred for stress cardiac 
magnetic resonance imaging (CMR). A – the 3 slices of a standard CMR perfusion with adenosin. Stress‑induced ischemia is seen 
in 4 segments (inferoseptal and inferior basal to mid‑ventricular [dashed lines]). No myocardial hypoperfusion was observed 
during perfusion CMR at rest. In CMR with late gadolinium enhancement, no infarct scar and nonischemic pattern of myocardial 
fibrosis were detected. B – the patient was referred for coronary angiography, which revealed 50% stenosis in the distal circumflex 
artery (Cx; small vessel) and serial high‑grade stenosis (60%–90%) in the right coronary artery, which was successfully treated with 
2 drug‑eluting stents.

�Abbreviations: LAD, left anterior descending coronary artery; PCI, percutaneous coronary intervention; RCA, right coronary artery

100% 75% 50% 25%

25% 50%

Infarct scar transmurality

Myocardial viability

75% 100%

FIGURE 3  Graphical presentation of the association between myocardial viability and infarct scar transmurality (cardiac 
magnetic resonance imaging with late gadolinium enhancement, short‑axis view)



KARDIOLOGIA POLSKA  2019; 77 (12)1130

visualization of coronary stenosis and resulting 
stress perfusion deficits can help identify culprit le‑
sions. In recent years, there has been a considerable 
interest in the combination of SPECT and CCTA, 
but this combination of modalities has the disad‑
vantages of higher levels of ionizing radiation and 
suboptimal sensitivity of SPECT to detect CAD 
in comparison with stress perfusion CMR.13,85,86 
Therefore, a more promising option may be 3D fu‑
sion of CCTA and whole‑heart dynamic 3D‑CMR 
perfusion.87 The method was recently extended to 
also include information on CT‑derived FFR and 
myocardial scar (FIGURE 4). A possible future solu‑
tion avoiding ionizing radiation is 3D fusion im‑
aging of 3D‑CMR perfusion data with 3D‑CMR 
coronary angiography performed within a single 
CMR examination.88

For patients with contraindications to vasodi‑
lator medication or gadolinium‑based CM, it is 
important to provide alternative imaging tests 
for ischemia detection. One of the most prom‑
ising CMR methods is T1 mapping performed 
during vasodilator stress, which has shown to 
distinguish obstructive epicardial CAD from mi‑
crovascular dysfunction.89 The technique, how‑
ever, requires carefully designed imaging and 
processing protocols as effect sizes are relatively 

small. Changes in T1 can be related to the fact 
that the microcirculatory arteries in the isch‑
emic myocardium already dilate at rest and are 
not able to further respond to stress conditions. 
Therefore, due to the increased volume of myo‑
cardial blood, the T1 relaxation time is already 
prolonged at rest and does not change under 
stress conditions.89‑91 

Another innovative noncontrast approach is 
the CMR blood oxygen level–dependent meth‑
od, which uses the paramagnetic features of de‑
oxyhemoglobin. An increased amount of this 
endogenous contrast agent results in signal re‑
duction on T2*-weighted images and therefore 
indicates the myocardial oxygenation status 
during rest and vasodilator stress.92‑94 A pre‑
liminary study showed that texture analysis 
of native CMR images may provide an alterna‑
tive to CM‑dependent LGE‑CMR in the diag‑
nosis of subacute and chronic infarction.95 Fi‑
nally, cardiac diffusion CMR allows an assess‑
ment of changes in myocardial extracellular 
volume and microstructure without the need 
for CM.96 ‑98

Another developing technique is hyperpo‑
larized carbon‑13 CMR, capable of visualizing 
the uptake of metabolic substrates and their 

FIGURE 4  Three‑dimensional (3D) image fusion combining information from coronary computed tomography angiography 
(CCTA), computed tomography (CT)–derived fractional flow reserve (FFR), stress perfusion cardiac magnetic resonance imaging 
(CMR), and CMR with late gadolinium enhancement (LGE‑CMR). Data from a 59‑year‑old male patient with severe 3‑vessel 
coronary artery disease are shown. Conventional 2‑dimensional images of CT and CMR datasets (A – stress perfusion CMR; 
B – LGE‑CMR) were postprocessed, coregistered, color‑coded, and rendered in a 3D fashion. In CCTA, a subtotal proximal stenosis 
of the right coronary artery was found (C – 3D rendering, also note the associated drop of CT‑derived FFR value), which resulted 
in an inferior / inferolateral perfusion deficit (arrowheads in A and D) as well as severe, partly transmural scar (asterisk in B and D).
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onance and single‑photon emission computed tomography for diagnosis of cor-
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disease: a systematic review and meta‑analysis. J Am Coll Cardiol. 2013; 62: 826-838.
31  Vincenti G, Masci PG, Monney P, et al. Stress perfusion CMR in patients with 
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vascularization. JACC Cardiovasc Imaging. 2017; 10: 526-537.
32  Buckert D, Dewes P, Walcher T, et al. Intermediate‑term prognostic value 
of reversible perfusion deficit diagnosed by adenosine CMR: a prospective follow
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6: 56-63.
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International Study of Comparative Health Effectiveness with Medical and Invasive 
Approaches (ISCHEMIA) trial: rationale and design. Am Heart J. 2018; 201: 124-135.

intracellular transformation into downstream 
products. This metabolic CMR may potentially 
be involved also in evaluation of myocardial vi‑
ability and ischemia in the future.99,100

Conclusions  As laid out in our review of 
the current literature, CMR plays a leading role 
in the diagnostic workup of patients with CCS. 
It allows an assessment of myocardial function, 
ischemia, and viability within a single nonin‑
vasive examination over a short period of time. 
Recent and future technical improvements will 
further increase its importance in the diagnostic 
assessment of myocardial ischemia and identi‑
fication of patients who will most likely benefit 
from revascularization.

SUPPLEMENTARY MATERIAL
Supplementary material is available at www.mp.pl/kardiologiapolska.

ARTICLE INFORMATION
ACKNOWLEDGMENTS  JMS is a  beneficiary of  the  Polish National Agen-
cy for Academic Exchange (Narodowa Agencja Wymiany Akademickiej, NAWA) 
in the  Iwanowska Programme of medium‑term mobility of  doctoral students 
at  the Department of  Cardiology, MRI Cardiac Unit, University Hospital Zurich, 
Switzerland.
CONFLICT OF INTEREST  None declared.
OPEN ACCESS  This is an Open Access article distributed under the  terms 
of  the  Creative Commons Attribution‑NonCommercial‑NoDerivatives 4.0 In-
ternational License (CC BY‑NC‑ND 4.0), allowing third parties to download ar-
ticles and share them with others, provided the original work is properly cited, 
not changed in any way, distributed under the same license, and used for non-
commercial purposes only. For commercial use, please contact the journal office 
at kardiologiapolska@ptkardio.pl.
HOW TO CITE  Sokolska JM, von Spiczak J, Gotschy A, et al. Cardiac magnet-
ic resonance imaging to detect ischemia in chronic coronary syndromes: state 
of the art. Kardiol Pol. 2019; 77: 1123-1133. doi:10.33963/KP.15057

REFERENCES
1  World Health Organization. Global health estimates 2016: disease burden by 
cause, age, sex, by country and by region, 2000–2016. Geneva, Switzerland: World 
Health Organization; 2018.
2  Pikala M, Maniecka‑Bryła I. Fifteen‑year mortality trends due to cardiovascu-
lar diseases in Poland using standard expected years of life lost, 2000–2014. Kar-
diol Pol. 2017; 75: 1033-1040.
3  Dweck MR, Williams MC, Moss AJ, et al. Computed tomography and cardiac 
magnetic resonance in ischemic heart disease. J Am Coll Cardiol. 2016; 68: 2201-2216.
4  Knuuti J, Wijns W, Saraste A, et al. 2019 ESC Guidelines for the diagnosis and 
management of chronic coronary syndromes. Eur Heart J. 2019 Aug 31. [Epub 
ahead of print].
5  Moschetti K, Petersen SE, Pilz G, et al. Cost‑minimization analysis of three deci-
sion strategies for cardiac revascularization: results of the “suspected CAD” cohort 
of the european cardiovascular magnetic resonance registry. J Cardiovasc Magn 
Reson. 2016; 18: 3.
6  Kwong RY, Ge Y, Steel K, et al. Cardiac magnetic resonance stress perfusion 
imaging for evaluation of patients with chest pain. J Am Coll Cardiol. 2019; 74: 
1741-1755.
7  Lombardi M, Plein S, Petersen S, et al (eds.). The EACVI textbook of cardiovas-
cular magnetic resonance. Oxford, United Kingdom: Oxford University Press; 2018.
8  Kelle S, Roes SD, Klein C, et al. Prognostic value of myocardial infarct size and 
contractile reserve using magnetic resonance imaging. J Am Coll Cardiol. 2009; 
54: 1770-1777.
9  Eitel I, de Waha S, Wöhrle J, et al. Comprehensive prognosis assessment 
by CMR imaging after ST‑segment elevation myocardial infarction. J Am Coll 
Cardiol. 2014; 64: 1217-1226.
10  Nesto RW, Kowalchuk GJ. The ischemic cascade: temporal sequence of he-
modynamic, electrocardiographic and symptomatic expressions of ischemia. Am 
J Cardiol. 1987; 59: 23C‑30C.
11  Gotschy A, Niemann M, Kozerke S, et al. Cardiovascular magnetic resonance 
for the assessment of coronary artery disease. Int J Cardiol. 2015; 193: 84-92.
12  Neumann FJ, Sousa‑Uva M, Ahlsson A, et al. 2018 ESC/EACTS Guidelines 
on myocardial revascularization. Eur Heart J. 2019; 40: 87-165.

https://doi.org/10.1093/eurheartj/ehm617
https://doi.org/10.1093/eurheartj/ehm617
https://doi.org/10.1093/eurheartj/ehm617
https://doi.org/10.1093/eurheartj/ehm617
https://doi.org/10.1093/eurheartj/ehs022
https://doi.org/10.1093/eurheartj/ehs022
https://doi.org/10.1093/eurheartj/ehs022
https://doi.org/10.1093/eurheartj/ehs022
https://doi.org/10.1093/eurheartj/ehs022
https://doi.org/10.1186/1532-429X-14-61
https://doi.org/10.1186/1532-429X-14-61
https://doi.org/10.1186/1532-429X-14-61
https://doi.org/10.1186/1532-429X-14-61
https://doi.org/10.1186/1532-429X-14-61
https://doi.org/10.1016/S0140-6736(11)61335-4
https://doi.org/10.1016/S0140-6736(11)61335-4
https://doi.org/10.1016/S0140-6736(11)61335-4
https://doi.org/10.1186/1745-6215-10-62
https://doi.org/10.1186/1745-6215-10-62
https://doi.org/10.1001/jama.2016.12680
https://doi.org/10.1001/jama.2016.12680
https://doi.org/10.1001/jama.2016.12680
https://doi.org/10.1001/jama.2016.12680
https://doi.org/10.1016/j.ahj.2014.10.008
https://doi.org/10.1016/j.ahj.2014.10.008
https://doi.org/10.1016/j.ahj.2014.10.008
https://doi.org/10.1016/j.ahj.2014.10.008
https://doi.org/10.1056/NEJMoa1716734
https://doi.org/10.1056/NEJMoa1716734
https://doi.org/10.1186/1532-429X-14-65
https://doi.org/10.1186/1532-429X-14-65
https://doi.org/10.1186/1532-429X-14-65
https://doi.org/10.1186/1532-429X-14-65
https://doi.org/
https://doi.org/
https://doi.org/
https://doi.org/
https://doi.org/10.1016/j.hlc.2016.02.018
https://doi.org/10.1016/j.hlc.2016.02.018
https://doi.org/10.1016/j.hlc.2016.02.018
https://doi.org/10.1016/j.jcmg.2014.07.011
https://doi.org/10.1016/j.jcmg.2014.07.011
https://doi.org/10.1016/j.jcmg.2014.07.011
https://doi.org/10.1016/j.jcmg.2014.07.011
https://doi.org/10.1161/CIRCIMAGING.114.002666
https://doi.org/10.1161/CIRCIMAGING.114.002666
https://doi.org/10.1161/CIRCIMAGING.114.002666
https://doi.org/10.2214/AJR.12.10002
https://doi.org/10.2214/AJR.12.10002
https://doi.org/10.2214/AJR.12.10002
https://doi.org/10.1016/j.amjcard.2008.01.019
https://doi.org/10.1016/j.amjcard.2008.01.019
https://doi.org/10.1161/CIRCULATIONAHA.106.652016
https://doi.org/10.1161/CIRCULATIONAHA.106.652016
https://doi.org/10.1161/CIRCULATIONAHA.106.652016
https://doi.org/10.1016/j.jcmg.2011.04.015
https://doi.org/10.1016/j.jcmg.2011.04.015
https://doi.org/10.1016/j.jcmg.2011.04.015
https://doi.org/10.1016/j.jacc.2013.03.080
https://doi.org/10.1016/j.jacc.2013.03.080
https://doi.org/10.1016/j.jacc.2013.03.080
https://doi.org/10.1016/j.jcmg.2017.02.006
https://doi.org/10.1016/j.jcmg.2017.02.006
https://doi.org/10.1016/j.jcmg.2017.02.006
https://doi.org/10.1016/j.jcmg.2012.08.011
https://doi.org/10.1016/j.jcmg.2012.08.011
https://doi.org/10.1016/j.jcmg.2012.08.011
https://doi.org/10.1016/j.jcmg.2012.08.011
https://doi.org/10.1007/s10554-011-9885-3
https://doi.org/10.1007/s10554-011-9885-3
https://doi.org/10.1007/s10554-011-9885-3
https://doi.org/10.1007/s10554-011-9919-x
https://doi.org/10.1007/s10554-011-9919-x
https://doi.org/10.1007/s10554-011-9919-x
https://doi.org/10.1007/s10554-011-9919-x
https://doi.org/10.5603/KP.a2017.0018
https://doi.org/10.5603/KP.a2017.0018
https://doi.org/10.5603/KP.a2017.0018
https://doi.org/10.1016/j.ahj.2018.04.011
https://doi.org/10.1016/j.ahj.2018.04.011
https://doi.org/10.1016/j.ahj.2018.04.011
https://www.mp.pl/kardiologiapolska/issue/article/15057
https://doi.org/Connection: close
https://doi.org/Connection: close
https://doi.org/Connection: close
https://doi.org/10.5603/KP.a2017.0124
https://doi.org/10.5603/KP.a2017.0124
https://doi.org/10.5603/KP.a2017.0124
https://doi.org/10.1016/j.jacc.2016.08.047
https://doi.org/10.1016/j.jacc.2016.08.047
https://doi.org/Connection: close
https://doi.org/Connection: close
https://doi.org/Connection: close
https://doi.org/10.1186/s12968-015-0222-1
https://doi.org/10.1186/s12968-015-0222-1
https://doi.org/10.1186/s12968-015-0222-1
https://doi.org/10.1186/s12968-015-0222-1
https://doi.org/10.1016/j.jacc.2019.07.074
https://doi.org/10.1016/j.jacc.2019.07.074
https://doi.org/10.1016/j.jacc.2019.07.074
https://doi.org/Connection: close
https://doi.org/Connection: close
https://doi.org/10.1016/j.jacc.2009.07.027
https://doi.org/10.1016/j.jacc.2009.07.027
https://doi.org/10.1016/j.jacc.2009.07.027
https://doi.org/10.1016/j.jacc.2014.06.1194
https://doi.org/10.1016/j.jacc.2014.06.1194
https://doi.org/10.1016/j.jacc.2014.06.1194
https://doi.org/10.1016/0002-9149(87)90192-5
https://doi.org/10.1016/0002-9149(87)90192-5
https://doi.org/10.1016/0002-9149(87)90192-5
https://doi.org/10.1016/j.ijcard.2014.11.098
https://doi.org/10.1016/j.ijcard.2014.11.098
https://doi.org/10.1093/eurheartj/ehy394
https://doi.org/10.1093/eurheartj/ehy394


KARDIOLOGIA POLSKA  2019; 77 (12)1132

66  Gebker R, Frick M, Jahnke C, et al. Value of additional myocardial perfusion 
imaging during dobutamine stress magnetic resonance for the assessment of in-
termediate coronary artery disease. Int J Cardiovasc Imaging. 2012; 28: 89-97.
67  Nandalur KR, Dwamena BA, Choudhri AF, et al. Diagnostic performance 
of stress cardiac magnetic resonance imaging in the detection of coronary artery 
disease: a meta‑analysis. J Am Coll Cardiol. 2007; 50: 1343-1353.
68  Van Assche LMR, Kim HW, Kim RJ. Cardiac MR for the assessment of myocar-
dial viability. Methodist Debakey Cardiovasc J. 9: 163-168.
69  Kim RJ, Fieno DS, Parrish TB, et al. Relationship of MRI delayed contrast en-
hancement to irreversible injury, infarct age, and contractile function. Circulation. 
1999; 100: 1992-2002.
70  Kim RJ, Wu E, Rafael A, et al. The use of contrast‑enhanced magnetic reso-
nance imaging to identify reversible myocardial dysfunction. N Engl J Med. 2000; 
343: 1445-1453.
71  Romero J, Xue X, Gonzalez W, Garcia MJ. CMR imaging assessing viability 
in patients with chronic ventricular dysfunction due to coronary artery disease: 
a meta‑analysis of prospective trials. JACC Cardiovasc Imaging. 2012; 5: 494-508.
72  Krittayaphong R, Saiviroonporn P, Boonyasirinant T, Udompunturak S. Prev-
alence and prognosis of myocardial scar in patients with known or suspected coro-
nary artery disease and normal wall motion. J Cardiovasc Magn Reson. 2011; 13: 2.
73  Gerber BL, Rousseau MF, Ahn SA, et al. Prognostic value of myocardial viabil-
ity by delayed‑enhanced magnetic resonance in patients with coronary artery dis-
ease and low ejection fraction: impact of revascularization therapy. J Am Coll Car-
diol. 2012; 59: 825-835.
74  Bello D, Einhorn A, Kaushal R, et al. Cardiac magnetic resonance imaging: in-
farct size is an independent predictor of mortality in patients with coronary artery 
disease. Magn Reson Imaging. 2011; 29: 50-56.
75  Roes SD, Kelle S, Kaandorp TAM, et al. Comparison of myocardial infarct size 
assessed with contrast‑enhanced magnetic resonance imaging and left ventricu-
lar function and volumes to predict mortality in patients with healed myocardial 
infarction. Am J Cardiol. 2007; 100: 930-936.
76  Kwong RY, Chan AK, Brown KA, et al. Impact of unrecognized myocardial 
scar detected by cardiac magnetic resonance imaging on event‑free survival in 
patients presenting with signs or symptoms of coronary artery disease. Circula-
tion. 2006; 113: 2733-2743.
77  Villa ADM, Corsinovi L, Ntalas I, et al. Importance of operator training and 
rest perfusion on the diagnostic accuracy of stress perfusion cardiovascular mag-
netic resonance. J Cardiovasc Magn Reson. 2018; 20: 74.
78  von Spiczak J, Mannil M, Kozerke S, et al. 3D image fusion of whole‑heart dy-
namic cardiac MR perfusion and late gadolinium enhancement: Intuitive delineation 
of myocardial hypoperfusion and scar. J Magn Reson Imaging. 2018; 48: 1129-1138.
79  Goetti R, Kozerke S, Donati OF, et al. Acute, subacute, and chronic myocardi-
al infarction: quantitative comparison of 2D and 3D late gadolinium enhancement 
MR imaging. Radiology. 2011; 259: 704-711.
80  Vitanis V, Manka R, Giese D, et al. High resolution three‑dimensional cardi-
ac perfusion imaging using compartment‑based k‑t principal component analysis. 
Magn Reson Med. 2011; 65:575-587.
81  Manka R, Jahnke C, Kozerke S, et al. Dynamic 3‑dimensional stress cardiac 
magnetic resonance perfusion imaging: detection of coronary artery disease and 
volumetry of myocardial hypoenhancement before and after coronary stenting. 
J Am Coll Cardiol. 2011; 57: 437-444.
82  Manka R, Paetsch I, Kozerke S, et al. Whole‑heart dynamic three‑dimensional 
magnetic resonance perfusion imaging for the detection of coronary artery disease 
defined by fractional flow reserve: determination of volumetric myocardial isch-
aemic burden and coronary lesion location. Eur Heart J. 2012; 33: 2016-2024.
83  Manka R, Wissmann L, Gebker R, et al. Multicenter evaluation of dynamic 
three‑dimensional magnetic resonance myocardial perfusion imaging for the de-
tection of coronary artery disease defined by fractional flow reserve. Circ Cardio-
vasc Imaging. 2015; 8: e003061.
84  Hamada S, Gotschy A, Wissmann L, et al. Multi‑centre study of whole‑heart 
dynamic 3D cardiac magnetic resonance perfusion imaging for the detection of cor-
onary artery disease defined by fractional flow reserve: gender based analysis of di-
agnostic performance. Eur Heart J Cardiovasc Imaging. 2017; 18: 1099-1106.
85  Pazhenkottil AP, Nkoulou RN, Ghadri JR, et al. Prognostic value of cardiac 
hybrid imaging integrating single‑photon emission computed tomography with 
coronary computed tomography angiography. Eur Heart J. 2011; 32: 1465-1471.
86  Gaemperli O, Kaufmann PA, Alkadhi H. Cardiac hybrid imaging. Eur J Nucl 
Med Mol Imaging. 2014; 41 (suppl 1): S91‑S103.
87  von Spiczak J, Manka R, Gotschy A, et al. Fusion of CT coronary angiography 
and whole‑heart dynamic 3D cardiac MR perfusion: building a framework for com-
prehensive cardiac imaging. Int J Cardiovasc Imaging. 2018; 34: 649-660.
88  Gotschy A, Wissmann L, Goolaub DS, et al. First fusion and combined evalu-
ation of 3D‑CMR perfusion with 3D‑MR coronary angiography. Int J Cardiol. 2016; 
202: 62-63.
89  Liu A, Wijesurendra RS, Liu JM, et al. Gadolinium‑free cardiac MR stress 
T1‑mapping to distinguish epicardial from microvascular coronary disease. J Am 
Coll Cardiol. 2018; 71: 957-968.
90  Piechnik SK, Neubauer S, Ferreira VM. State‑of‑the‑art review: stress T1 
mapping‑technical considerations, pitfalls and emerging clinical applications. 
MAGMA. 2018; 31: 131-141.

37  Shaw LJ, Berman DS, Picard MH, et al. Comparative definitions for moderate
‑severe ischemia in stress nuclear, echocardiography, and magnetic resonance im-
aging. JACC Cardiovasc Imaging. 2014; 7: 593-604.
38  Hochman JS, Reynolds HR, Bangalore S, et al. Baseline characteristics and 
risk profiles of participants in the ISCHEMIA randomized clinical trial. JAMA Car-
diol. 2019; 4: 273-286.
39  Płońska‑Gościniak E, Kasprzak JD, Olędzki S, et al. Polish Stress Echocardiogra-
phy Registry (Pol‑STRESS registry) - a multicentre study. Stress echocardiography in 
Poland: numbers, settings, results, and complications. Kardiol Pol. 2017; 75: 922-930.
40  Gerber BL, Raman SV, Nayak K, et al. Myocardial first‑pass perfusion cardio-
vascular magnetic resonance: history, theory, and current state of the art. J Cardio-
vasc Magn Reson. 2008; 10: 18.
41  Nguyen KL, Bandettini WP, Shanbhag S, et al. Safety and tolerability of re-
gadenoson CMR. Eur Heart J Cardiovasc Imaging. 2014; 15: 753-760.
42  Wahl A, Paetsch I, Gollesch A, et al. Safety and feasibility of  high‑dose 
dobutamine‑atropine stress cardiovascular magnetic resonance for diagnosis of myocar-
dial ischaemia: experience in 1000 consecutive cases. Eur Heart J. 2004; 25: 1230-1236.
43  Charoenpanichkit C, Hundley WG. The  20 year evolution of  dobutamine 
stress cardiovascular magnetic resonance. J Cardiovasc Magn Reson. 2010; 12: 59.
44  Manisty C, Ripley DP, Herrey AS, et al. Splenic switch‑off: a tool to assess stress 
adequacy in adenosine perfusion cardiac MR imaging. Radiology. 2015; 276: 732-740.
45  Nagel E, Lorenz C, Baer F, et al. Stress cardiovascular magnetic resonance: 
consensus panel report. J Cardiovasc Magn Reson. 2001; 3: 267-281.
46  Henzlova MJ, Duvall WL, Einstein AJ, et al. ASNC imaging guidelines for 
SPECT nuclear cardiology procedures: stress, protocols, and tracers. J Nucl Car-
diol. 2016; 23: 606-639.
47  Layland J, Carrick D, Lee M, et al. Adenosine: physiology, pharmacology, and 
clinical applications. JACC Cardiovasc Interv. 2014; 7: 581-591.
48  Cerqueira MD, Verani MS, Schwaiger M, et al. Safety profile of adenosine 
stress perfusion imaging: Results from the adenoscan multicenter trial registry. 
J Am Coll Cardiol. 1994; 23: 384-389.
49  Kramer CM, Barkhausen J, Flamm SD, et al. Standardized cardiovascular mag-
netic resonance (CMR) protocols 2013 update. J Cardiovasc Magn Reson. 2013; 15: 91.
50  Monmeneu Menadas JV, Lopez‑Lereu MP, Estornell Erill J, et al. Pharmaco-
logical stress cardiovascular magnetic resonance: feasibility and safety in a large 
multicentre prospective registry. Eur Heart J Cardiovasc Imaging. 2016; 17: 308-315.
51  Karamitsos TD, Arnold JR, Pegg TJ, et al. Tolerance and safety of adenosine 
stress perfusion cardiovascular magnetic resonance imaging in patients with se-
vere coronary artery disease. Int J Cardiovasc Imaging. 2009; 25: 277-283.
52  Schwitter J, Arai AE. Assessment of  cardiac ischaemia and viability: role 
of cardiovascular magnetic resonance. Eur Heart J. 2011; 32: 799-809.
53  Foley JR, Plein S, Greenwood JP. Assessment of stable coronary artery disease 
by cardiovascular magnetic resonance imaging: current and emerging techniques. 
World J Cardiol. 2017; 9: 92-108.
54  van Dijk R, van Assen M, Vliegenthart R, et al. Diagnostic performance 
of  semi‑quantitative and quantitative stress CMR perfusion analysis: a  meta
‑analysis. J Cardiovasc Magn Reson 2017; 19: 92.
55  Jerosch‑Herold M. Quantification of myocardial perfusion by cardiovascular 
magnetic resonance. J Cardiovasc Magn Reson. 2010; 12: 57.
56  Knott KD, Camaioni C, Ramasamy A, et al. Quantitative myocardial perfusion 
in coronary artery disease: a perfusion mapping study. J Magn Reson Imaging. 
2019; 50: 756-762.
57  Engblom H, Xue H, Akil S, et al. Fully quantitative cardiovascular magnetic 
resonance myocardial perfusion ready for clinical use: a comparison between car-
diovascular magnetic resonance imaging and positron emission tomography. J Car-
diovasc Magn Reson. 2017; 19: 78.
58  Knott KD, Fernandes JL, Moon JC. Automated quantitative stress perfusion in 
a clinical routine. Magn Reson Imaging Clin N Am. 2019; 27: 507-520.
59  Wissmann L, Gotschy A, Santelli C, et al. Analysis of spatiotemporal fidelity in 
quantitative 3D first‑pass perfusion cardiovascular magnetic resonance. J Cardio-
vasc Magn Reson. 2017; 19: 11.
60  Cheng AS, Pegg TJ, Karamitsos TD, et al. Cardiovascular magnetic resonance 
perfusion imaging at 3‑tesla for the detection of coronary artery disease. J Am Coll 
Cardiol. 2007; 49: 2440-2449.
61  Bernhardt P, Walcher T, Rottbauer W, Wöhrle J. Quantification of myocardial 
perfusion reserve at 1.5 and 3.0 Tesla: a comparison to fractional flow reserve. Int 
J Cardiovasc Imaging. 2012; 28: 2049-2056.
62  Walcher T, Ikuye K, Rottbauer W, et al. Is contrast‑enhanced cardiac magnet-
ic resonance imaging at 3 T superior to 1.5 T for detection of coronary artery dis-
ease? Int J Cardiovasc Imaging. 2013; 29: 355-361.
63  Manka R, Jahnke C, Gebker R, et al. Head‑to‑head comparison of first‑pass 
MR perfusion imaging during adenosine and high‑dose dobutamine/atropine 
stress. Int J Cardiovasc Imaging. 2011; 27: 995-1002.
64  Gebker R, Jahnke C, Manka R, et al. The role of dobutamine stress cardio-
vascular magnetic resonance in the clinical management of patients with suspect-
ed and known coronary artery disease. J Cardiovasc Magn Reson. 2011; 13: 46.
65  Gebker R, Jahnke C, Manka R, et al. Additional value of myocardial perfusion 
imaging during dobutamine stress magnetic resonance for the assessment of cor-
onary artery disease. Circ Cardiovasc Imaging. 2008; 1: 122-130.

https://doi.org/10.1007/s10554-010-9764-3
https://doi.org/10.1007/s10554-010-9764-3
https://doi.org/10.1007/s10554-010-9764-3
https://doi.org/10.1016/j.jacc.2007.06.030
https://doi.org/10.1016/j.jacc.2007.06.030
https://doi.org/10.1016/j.jacc.2007.06.030
https://doi.org/10.14797/mdcj-9-3-163
https://doi.org/10.14797/mdcj-9-3-163
https://doi.org/10.1161/01.CIR.100.19.1992
https://doi.org/10.1161/01.CIR.100.19.1992
https://doi.org/10.1161/01.CIR.100.19.1992
https://doi.org/10.1056/NEJM200011163432003
https://doi.org/10.1056/NEJM200011163432003
https://doi.org/10.1056/NEJM200011163432003
https://doi.org/10.1016/j.jcmg.2012.02.009
https://doi.org/10.1016/j.jcmg.2012.02.009
https://doi.org/10.1016/j.jcmg.2012.02.009
https://doi.org/10.1186/1532-429X-13-2
https://doi.org/10.1186/1532-429X-13-2
https://doi.org/10.1186/1532-429X-13-2
https://doi.org/10.1016/j.jacc.2011.09.073
https://doi.org/10.1016/j.jacc.2011.09.073
https://doi.org/10.1016/j.jacc.2011.09.073
https://doi.org/10.1016/j.jacc.2011.09.073
https://doi.org/10.1016/j.mri.2010.03.031
https://doi.org/10.1016/j.mri.2010.03.031
https://doi.org/10.1016/j.mri.2010.03.031
https://doi.org/10.1016/j.amjcard.2007.04.029
https://doi.org/10.1016/j.amjcard.2007.04.029
https://doi.org/10.1016/j.amjcard.2007.04.029
https://doi.org/10.1016/j.amjcard.2007.04.029
https://doi.org/10.1161/CIRCULATIONAHA.105.570648
https://doi.org/10.1161/CIRCULATIONAHA.105.570648
https://doi.org/10.1161/CIRCULATIONAHA.105.570648
https://doi.org/10.1161/CIRCULATIONAHA.105.570648
https://doi.org/10.1186/s12968-018-0493-4
https://doi.org/10.1186/s12968-018-0493-4
https://doi.org/10.1186/s12968-018-0493-4
https://doi.org/10.1002/jmri.26020
https://doi.org/10.1002/jmri.26020
https://doi.org/10.1002/jmri.26020
https://doi.org/10.1148/radiol.11102216
https://doi.org/10.1148/radiol.11102216
https://doi.org/10.1148/radiol.11102216
https://doi.org/10.1002/mrm.22620
https://doi.org/10.1002/mrm.22620
https://doi.org/10.1002/mrm.22620
https://doi.org/10.1016/j.jacc.2010.05.067
https://doi.org/10.1016/j.jacc.2010.05.067
https://doi.org/10.1016/j.jacc.2010.05.067
https://doi.org/10.1016/j.jacc.2010.05.067
https://doi.org/10.1093/eurheartj/ehs170
https://doi.org/10.1093/eurheartj/ehs170
https://doi.org/10.1093/eurheartj/ehs170
https://doi.org/10.1093/eurheartj/ehs170
https://doi.org/10.1161/CIRCIMAGING.114.003061
https://doi.org/10.1161/CIRCIMAGING.114.003061
https://doi.org/10.1161/CIRCIMAGING.114.003061
https://doi.org/10.1161/CIRCIMAGING.114.003061
https://doi.org/10.1093/ehjci/jex160
https://doi.org/10.1093/ehjci/jex160
https://doi.org/10.1093/ehjci/jex160
https://doi.org/10.1093/ehjci/jex160
https://doi.org/10.1093/eurheartj/ehr047
https://doi.org/10.1093/eurheartj/ehr047
https://doi.org/10.1093/eurheartj/ehr047
https://doi.org/10.1007/s00259-013-2566-9
https://doi.org/10.1007/s00259-013-2566-9
https://doi.org/10.1007/s10554-017-1260-6
https://doi.org/10.1007/s10554-017-1260-6
https://doi.org/10.1007/s10554-017-1260-6
https://doi.org/10.1016/j.ijcard.2015.08.165
https://doi.org/10.1016/j.ijcard.2015.08.165
https://doi.org/10.1016/j.ijcard.2015.08.165
https://doi.org/10.1016/j.jacc.2017.11.071
https://doi.org/10.1016/j.jacc.2017.11.071
https://doi.org/10.1016/j.jacc.2017.11.071
https://doi.org/10.1007/s10334-017-0649-5
https://doi.org/10.1007/s10334-017-0649-5
https://doi.org/10.1007/s10334-017-0649-5
https://doi.org/10.1016/j.jcmg.2013.10.021
https://doi.org/10.1016/j.jcmg.2013.10.021
https://doi.org/10.1016/j.jcmg.2013.10.021
https://doi.org/10.1001/jamacardio.2019.0014
https://doi.org/10.1001/jamacardio.2019.0014
https://doi.org/10.1001/jamacardio.2019.0014
https://doi.org/
https://doi.org/
https://doi.org/
https://doi.org/10.1186/1532-429X-10-18
https://doi.org/10.1186/1532-429X-10-18
https://doi.org/10.1186/1532-429X-10-18
https://doi.org/10.1093/ehjci/jet278
https://doi.org/10.1093/ehjci/jet278
https://doi.org/10.1016/j.ehj.2003.11.018
https://doi.org/10.1016/j.ehj.2003.11.018
https://doi.org/10.1016/j.ehj.2003.11.018
https://doi.org/10.1186/1532-429X-12-59
https://doi.org/10.1186/1532-429X-12-59
https://doi.org/10.1148/radiol.2015142059
https://doi.org/10.1148/radiol.2015142059
https://doi.org/10.1081/JCMR-100107475
https://doi.org/10.1081/JCMR-100107475
https://doi.org/10.1007/s12350-015-0387-x
https://doi.org/10.1007/s12350-015-0387-x
https://doi.org/10.1007/s12350-015-0387-x
https://doi.org/10.1016/j.jcin.2014.02.009
https://doi.org/10.1016/j.jcin.2014.02.009
https://doi.org/10.1016/0735-1097(94)90424-3
https://doi.org/10.1016/0735-1097(94)90424-3
https://doi.org/10.1016/0735-1097(94)90424-3
https://doi.org/10.1186/1532-429X-15-91
https://doi.org/10.1186/1532-429X-15-91
https://doi.org/10.1093/ehjci/jev153
https://doi.org/10.1093/ehjci/jev153
https://doi.org/10.1093/ehjci/jev153
https://doi.org/10.1007/s10554-008-9392-3
https://doi.org/10.1007/s10554-008-9392-3
https://doi.org/10.1007/s10554-008-9392-3
https://doi.org/10.1093/eurheartj/ehq481
https://doi.org/10.1093/eurheartj/ehq481
https://doi.org/10.4330/wjc.v9.i2.92
https://doi.org/10.4330/wjc.v9.i2.92
https://doi.org/10.4330/wjc.v9.i2.92
https://doi.org/10.1186/s12968-017-0393-z
https://doi.org/10.1186/s12968-017-0393-z
https://doi.org/10.1186/s12968-017-0393-z
https://doi.org/10.1186/1532-429X-12-57
https://doi.org/10.1186/1532-429X-12-57
https://doi.org/10.1002/jmri.26668
https://doi.org/10.1002/jmri.26668
https://doi.org/10.1002/jmri.26668
https://doi.org/10.1186/s12968-017-0388-9
https://doi.org/10.1186/s12968-017-0388-9
https://doi.org/10.1186/s12968-017-0388-9
https://doi.org/10.1186/s12968-017-0388-9
https://doi.org/10.1016/j.mric.2019.04.003
https://doi.org/10.1016/j.mric.2019.04.003
https://doi.org/10.1186/s12968-017-0324-z
https://doi.org/10.1186/s12968-017-0324-z
https://doi.org/10.1186/s12968-017-0324-z
https://doi.org/10.1016/j.jacc.2007.03.028
https://doi.org/10.1016/j.jacc.2007.03.028
https://doi.org/10.1016/j.jacc.2007.03.028
https://doi.org/10.1007/s10554-012-0037-1
https://doi.org/10.1007/s10554-012-0037-1
https://doi.org/10.1007/s10554-012-0037-1
https://doi.org/10.1007/s10554-012-0099-0
https://doi.org/10.1007/s10554-012-0099-0
https://doi.org/10.1007/s10554-012-0099-0
https://doi.org/10.1007/s10554-010-9748-3
https://doi.org/10.1007/s10554-010-9748-3
https://doi.org/10.1007/s10554-010-9748-3
https://doi.org/10.1186/1532-429X-13-46
https://doi.org/10.1186/1532-429X-13-46
https://doi.org/10.1186/1532-429X-13-46
https://doi.org/10.1161/CIRCIMAGING.108.779108
https://doi.org/10.1161/CIRCIMAGING.108.779108
https://doi.org/10.1161/CIRCIMAGING.108.779108


R E V I E W  A R T I C L E   Cardiac magnetic resonance imaging to detect ischemia 1133

91  Liu A, Wijesurendra RS, Francis JM, et al. Adenosine stress and rest T1 map-
ping can differentiate between ischemic, infarcted, remote, and normal myocar-
dium without the need for gadolinium contrast agents. JACC Cardiovasc Imaging. 
2016; 9: 27-36.
92  Manka R, Paetsch I, Schnackenburg B, et al. BOLD cardiovascular magnetic res-
onance at 3.0 tesla in myocardial ischemia. J Cardiovasc Magn Reson. 2010; 12: 54.
93  Jahnke C, Gebker R, Manka R, et al. Navigator‑gated 3D blood oxygen level-
dependent CMR at 3.0‑T for detection of stress‑induced myocardial ischemic reac-
tions. JACC Cardiovasc Imaging. 2010; 3: 375-384.
94  Winklhofer S, Pazahr S, Manka R, et al. Quantitative blood oxygenation level
‑dependent (BOLD) response of the left ventricular myocardium to hyperoxic respi-
ratory challenge at 1.5 and 3.0 T. NMR Biomed. 2014; 27: 795-801.
95  Baessler B, Mannil M, Oebel S, et al. Subacute and chronic left ventricular 
myocardial scar: accuracy of texture analysis on nonenhanced cine MR images. Ra-
diology. 2018; 286: 103-112.
96  Nguyen C, Lu M, Fan Z, et al. Contrast‑free detection of myocardial fibrosis 
in hypertrophic cardiomyopathy patients with diffusion‑weighted cardiovascular 
magnetic resonance. J Cardiovasc Magn Reson. 2015; 17: 107.
97  Nguyen C, Fan Z, Xie Y, et al. In vivo contrast free chronic myocardial infarc-
tion characterization using diffusion‑weighted cardiovascular magnetic resonance. 
J Cardiovasc Magn Reson. 2014; 16: 68.
98  Gotschy A, von Deuster C, van Gorkum RJH, et al. Characterizing cardiac in-
volvement in amyloidosis using cardiovascular magnetic resonance diffusion ten-
sor imaging. J Cardiovasc Magn Reson. 2019; 21: 56.
99  Fuetterer M, Busch J, Traechtler J, et al. Quantitative myocardial first‑pass 
cardiovascular magnetic resonance perfusion imaging using hyperpolarized 
[1‑13C] pyruvate. J Cardiovasc Magn Reson. 2018; 20: 73.
100  Cunningham CH, Lau JY, Chen AP, et al. Hyperpolarized 13C metabolic MRI 
of the human heart: initial experience. Circ Res. 2016; 119: 1177-1182.

https://doi.org/10.1016/j.jcmg.2015.08.018
https://doi.org/10.1016/j.jcmg.2015.08.018
https://doi.org/10.1016/j.jcmg.2015.08.018
https://doi.org/10.1016/j.jcmg.2015.08.018
https://doi.org/10.1186/1532-429X-12-54
https://doi.org/10.1186/1532-429X-12-54
https://doi.org/10.1016/j.jcmg.2009.12.008
https://doi.org/10.1016/j.jcmg.2009.12.008
https://doi.org/10.1016/j.jcmg.2009.12.008
https://doi.org/10.1002/nbm.3119
https://doi.org/10.1002/nbm.3119
https://doi.org/10.1002/nbm.3119
https://doi.org/10.1148/radiol.2017170213
https://doi.org/10.1148/radiol.2017170213
https://doi.org/10.1148/radiol.2017170213
https://doi.org/10.1186/s12968-015-0214-1
https://doi.org/10.1186/s12968-015-0214-1
https://doi.org/10.1186/s12968-015-0214-1
https://doi.org/10.1186/s12968-014-0068-y
https://doi.org/10.1186/s12968-014-0068-y
https://doi.org/10.1186/s12968-014-0068-y
https://doi.org/10.1186/s12968-019-0563-2
https://doi.org/10.1186/s12968-019-0563-2
https://doi.org/10.1186/s12968-019-0563-2
https://doi.org/10.1186/s12968-018-0495-2
https://doi.org/10.1186/s12968-018-0495-2
https://doi.org/10.1186/s12968-018-0495-2
https://doi.org/10.1161/CIRCRESAHA.116.309769
https://doi.org/10.1161/CIRCRESAHA.116.309769

