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Cardiovascular MRI in acute 
myocardial infarction

  review

Survival of acute myocardial infarction (AMI) 
has increased in the past decades owing to revas‑
cularization by thrombolytic agents, percutane‑
ous coronary intervention (PCI) and improved 
medical treatment (e.g., b‑blockers and ACE-
inhibitors). Despite this improvement, ischemic 
heart disease is still the leading cause of death 
within the Western world mostly due to heart 
failure, late cardiac death, increased lifespan and 
increased contributing risk factors (e.g., diabetes 
mellitus, obesity and smoking) [1]. Patients with 
nonfatal myocardial infarction (MI) have a risk 
of illness and premature death up to 15‑times 
higher than the general population owing to 
recurrent MI, sudden death, angina pecto‑
ris, heart failure and stroke [1]. Therefore, the 
diagnosis of MI is clinically relevant.

At present, the diagnosis of AMI is based on 
the rise or fall of cardiac biomarkers (e.g., tropo‑
nines and creatine kinase‑MB) in combination 
with one of the following criteria: ECG changes 
indicative of ischemia (e.g., ST‑elevation, new 
left bundle branch block and Q‑waves), imag‑
ing evidence of new loss of viable myocardium 
or new regional wall motion abnormalities [2]. 
Although cardiac biomarker elevation is very 
sensitive for myocardial necrosis, the time win‑
dow is very small. Furthermore, no information 
on the infarct location is provided [3]. A limita‑
tion of the ECG is the possibility of non-Q‑wave 
infarction and the resolution of the Q‑waves 
over time [3]. Enzymes can be negative and 
ECG changes can be subtle to none, especially 
in patients with absent or atypical chest pain,

Echocardiography is an important imaging 
tool for the detection of (regional) wall motion 
abnormalities, especially in the acute phase; how‑
ever, it is not able to give tissue-specific informa‑
tion such as edema or fibrosis owing to ischemic 
events. Although SPECT and PET are able to 
give tissue-specific and functional information, 
the spatial resolution is low. Furthermore, both 
techniques neglect the transmural extent of the 
infarction (TEI) and subendocardial infarctions 
can be missed [4].

All these tools have diagnostic value, but their 
accuracy is limited. For therapeutic decision-
making, the extent of the infarction as well as 
residual left ventricular function are becom‑
ing increasingly important. Cardiovascular 
MRI (CMR) is a good noninvasive diagnostic 
tool in ischemic heart disease, providing accu‑
rate, reproducible and well-validated measure‑
ments  [5–8]. CMR combines assessment of 
cardiac morphology, global and regional car‑
diac function, infarct size, TEI, microvascular 
obstruction (MVO) and area at risk (AAR) in 
just one investigation [5–14].

This article provides an overview of the dif‑
ferent techniques of CMR and their relevance 
within patients with AMI.

MRI of the heart
In MRI, a high-strength magnetic field is used in 
combination with radiofrequency pulses, which 
causes excitation of the nucleus, giving a signal 
that can be detected by coils. Therefore, MRI is 
a safe and noninvasive imaging tool that does not 

At present, cardiovascular MRI is the only noninvasive diagnostic tool that can combine the assessment 
of regional and global function, morphology and tissue-specific information in a single investigation. 
With good spatial and temporal resolution and high contrast-to-noise ratio, cardiovascular MRI is an 
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involve exposure to radiation. However, the dis‑
advantage of MRI is that it is a time-consuming 
technique. To create an image with sufficient 
spatial resolution, multiple acquisitions need to 
be acquired. Owing to cardiac and respiratory 
movement, as well as flow artefacts, imaging 
of the heart by MRI is challenging. With the 
introduction of ECG-gating it became possible 
to synchronize the MRI data acquisition to the 
heart cycle. Gating can be performed in a pro‑
spective or retrospective way depending on the 
MRI sequence that is used. Prospective gating 
is used in static imaging using the R‑wave as a 
gating pulse (T1 and T2 imaging) and retro
spective gating is used in dynamic imaging (cine 
and flow imaging). Although gating has over‑
come most of the cardiac movement difficul‑
ties, irregular heart rhythm is still a problem. 
Realtime imaging is an option, although image 
quality is reduced. Respiratory movement of 
the heart can be prevented using breath-holds. 
Owing to technical advantages and the devel‑
opment of new software, scan time is reduced, 
which allows imaging within one breath-hold. 

At present, the field strength of 1.5  Tesla 
is preferred for CMR, but 3 Tesla imaging is 
promising. The higher magnetic field strength 
increases the signal-to-noise ratio (SNR), which 
can result in higher spatial resolution [9]. There 
are still some technical problems to overcome, 
such as field inhomogeneities and high-energy 
depositions. Cardiac imaging made by 3 Tesla 
is especially difficult owing to cardiac movement 
as well as the increased influence of the magnetic 
field on the ECG, which induces more gating 
problems. Breathing artefacts are also prone to 
influence the image quality. The influence of 
a higher magnetic field is not equal in the dif‑
ferent image modalities. For example, dynamic 
functional cine imaging is highly susceptible to 
field inhomogeneity, causing more artefacts and 
less contrast-to-noise ratio (CNR) [10]. This is in 
contrast with static imaging, such as morpho
logy and contrast imaging, in which the higher 
spatial and temporal resolution improves the 
image quality and may allow reduction of the 
contrast dose [9]. In addition, perfusion defects 
are more reliably detected using 3 Tesla, owing 
to the higher SNR [11].

Assessment of myocardial function
Functional imaging by CMR, also termed cine 
imaging, is the gold standard for the assessment 
of left and right ventricular function. At present, 
the steady-state-free precession (SSFP) technique 
is preferred for the assessment of ventricular 

function. Owing to good spatial (1–2 mm) and 
temporal resolution (20–50 ms) and the high 
CNR, SSFP allows excellent visualization of the 
myocardium and its endocardial and epicardial 
borders. SSFP imaging enables complete cover‑
age of the left ventricle (LV) in several breath-
holds. The LV is segmentated into several short 
axis (SA) slices [7,12], allowing the assessment of 
global function, as well as regional wall motion, 
visually or quantitatively [5,8]. The SA provides 
the most reliable imaging planes for measuring 
LV volumes and myocardial mass. To quan‑
tify the global function of the LV, contours are 
drawn of the endocardial and epicardial bor‑
der of the ventricular wall. Using the Simpson 
rule, the end-diastolic volume (EDV), end-
systolic volume (ESV), cardiac output, stroke 
volume and LV ejection fraction (LVEF) can 
be calculated [13]. 

Although the interstudy reproducibility 
is high, care should be taken not to include 
the most basal slice, which could be a part of 
the left atrium, and thereby overestimate the 
left ventricular volume [14]. The partial vol‑
ume effect of the distal apex can also cause 
over- or underestimation. This problem can be 
partly solved by adding the long axis informa‑
tion (four- and two-chamber view) to the SA 
slices, thereby also reducing the the interstudy 
variability [7].

Compared with CMR, 2D echocardiography 
is less accurate and reproducible [14]. 3D echo‑
cardiography is more accurate and reproduc‑
ible compared with 2D echocardiography, with 
a better correlation with CMR. However, 3D 
echocardiography tends to underestimate the 
EDV and ESV and has a wider variability com‑
pared with CMR [15,16]. This underestimation 
can be caused by poor image quality of the apex 
and inclusion of ventricular trabeculation in the 
left ventricular mass [15].

Owing to the high CNR, CMR shows accu‑
rate regional wall motion abnormalities, as 
shown in Figure 1. In patients with AMI, wall 
motion abnormalities are the result of ischemia. 
First, the wall motion becomes hypokinetic; if 
the ischemia proceeds, it can become akinetic, 
which can then lead to the wall motion becoming 
dyskinetic [17,18]. These wall motion abnormali‑
ties are reversible if ischemia is resolved before 
necrosis develops [19–22]. The recovery may take 
several days and in this period the myocardium 
is referred to as ‘stunned’. The decreased regional 
wall thickening is directly related to the global 
function of the LV, resulting in decreased LVEF. 
After 4–6 months of primary PCI, the LVEF will 
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be increased in most cases, with 2–7% owing 
to recovery of stunned myocardium [23–25]. In 
most patients, there is an increase in EDV and 
either no decrease or a small decrease in ESV, 
thereby preserving the cardiac output and stroke 
volume [23,24,26]. The infarct mass decreases but 
the remote myocardium mass increases owing to 
eccentric hypertrophy [27]. The extent of remod‑
eling is influenced by many parameters such as 
time to reperfusion, no-reflow, collateral filling 
and TEI. 

In addition to cine MRI, regional wall motion 
can be quantified using a technique known as 
myocardial tagging. Myocardial tagging applies 
a saturation grid within the myocardial wall, 
which allows the characterization of the intra‑
mural myocardial wall deformation in three 
different orientations: longitudinal, radial and 
in the circumferential direction. Furthermore, 
this technique allows quantification of torsion, 
untwisting and diastolic and systolic strain. This 
technique, although promising, is mostly used 
for research and is not often used in clinical 
settings [28]. 

The functional result of CMR has great 
prognostic value on its own and is one of the 
evaluation tools for new therapeutic treatments 
as an independent prognostic factor. Not only 
is CMR the gold standard for LVEF and LV 
volumes, it can also detect post-MI compli‑
cations such as aneurysms, thrombus and 
Dressler syndrome (Figure 2). Functional CMR 
can have a direct impact on the management 
of the patient (e.g., the use of medication and 
medical devices); and is more frequently used 
as a primary end point in clinical trials. At pres‑
ent, at least 23  clinical trials use CMR as a 
primary clinical end point [101].

Cardiovascular MRI  
& myocardial infarction 
Reperfusion by primary PCI is the most optimal 
treatment for AMI. Infarct size reduction, pre‑
served left ventricular function and improved 
survival are achieved. The perfusion bed of the 
occluded coronary artery is defined as the AAR 
and includes an area of necrosis surrounded by 
reversible injury [19,29]. The AAR can be divided 
into three zones: the infarct zone, the no-reflow 
zone and the salvaged zone. These zones can be 
visualized using different techniques (Figure 3).

�� The infarct area is defined as a necrotic zone of 
irreversibly damaged myocardial cells. This can 
be visualized by contrast-enhanced imaging 
10 min after the injection of gadolinium.

�� The no-reflow zone refers to a state of limited 
or no reperfusion within the infarct core after 
restoration of flow in the coronary artery and 
is caused by MVO [21,30,31]. This can be visual
ized by first-pass perfusion contrast imaging 
(FPP) and contrast-enhanced imaging 
2–10 min after injection of the contrast.

�� The salvaged zone can be defined as the area of 
injury surrounding the necrotic tissue [19,29] that 
proves reversible after revascularization. This 
viable edematous tissue shows prolonged pos‑
tischemic contractile dysfunction (i.e., stun‑
ning). It requires hours to days before function 
is fully restored [32,33]. The salvaged zone is the 
difference between the actual and potential 
infarct size. This zone cannot be visualized by 
one sequence but can be calculated by the dif‑
ference between the AAR (visualized by 
T2‑weighted imaging) and infarct size 
(visualized by delayed contrast enhancement). 

Assessment of myocardial infarction
Although functional CMR can give an impres‑
sion of the infarcted area, this assessment is still 

Diastole Systole

Acute

Chronic

Figure 1. Regional wall motion abnormalities in the acute and chronic 
phase. A patient with a reperfused anterior infarction. A two-chamber cine image 
in the end-diastolic (left) and end-systolic (right) phase in the acute (above) and 
chronic (below) phase. In the acute phase, there is almost no wall motion in the 
systolic phase owing to stunning in the anterior wall (arrow). In the chronic phase, 
the wall motion is partly recovered. 
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limited owing to stunning. After administration 
of gadolinium-based contrast agents, CMR can 
distinguish between nonviable and viable myo‑
cardium regardless of wall motion abnormalities 
in both acute and chronic infarction [34]. 

In the normal myocardium there is an influx 
of gadolinium in the interstitial space but not in 
the myocytes. In AMI, the cellular membrane 
of the necrotic myocytes are ruptured. Owing 
to the rupture, gadolinium can diffuse into the 

cells. This causes a diminished washout of the 
gadolinium in the infarcted myocardium com‑
pared with the normal myocardium. After at 
least 10 min the washout of the contrast in the 
normal myocardium is almost complete, while 
there is still a high concentration of gadolinium 
in the infarcted myocardium. This high concen
tration of contrast gives high signal intensity (SI) 
(hyperenhancement) on T1‑weighted imaging. 

Chronic infarction is characterized by colla
genous scars with increased interstitial space 
between the collagenous fibers. The washout of 
gadolinium is reduced owing to the lack of blood 
flow, resulting in an increased contrast concen‑
tration causing hyperenhancement of the chronic 
infarct area [35]. There is a good correlation 
between infarct size and mass imaged by hyper‑
enhancement and histology (TTC staining) in the 
acute and chronic stadium of the infarction [34–37]. 
Although the extent and intensity of the hyperen‑
hancement are more pronounced in the chronic 
infarction, the sensitivity is lower (94%) compared 
with the acute stadium (99%) in enzyme-proven 
infarction [27]. Delayed contrast-enhanced imag‑
ing is able to visualize subendocardial infarctions 
owing to the high spatial resolution. Although 
very small infarctions, CK‑MB less than three-
times the normal value are sometimes difficult to 
detect [27]. 

The technique used for infarct imaging is a 
T1-weighted inversion recovery gradient echo 
technique, also termed delayed enhancement 
(DE), contrast-enhanced or late-gadolinium-
enhancement. The paramagnetic property of 
gadolinium causes a shortening of the T1 relax‑
ation time, which results in enhancement of 

Figure 2. Complications of acute myocardial infarction. (A & D) A four-
chamber view of a patient with an aneurysm in the lateral wall (arrow) as can be 
seen in the end-diastolic phase of the cine image (A) and the contrast-enhanced 
image (D). (B & E) A four-chamber view of a patient with a thrombus in the apex 
(arrow) as can be seen in the end-diastolic phase of the cine image (B) and the 
contrast-enhanced image (E). (C & F) A four-chamber view of a patient with a 
large reperfused anterior infarction and Dressler syndrome (arrow), as can be seen 
in the end-diastolic phase of the cine image (C) and the contrast-enhanced 
image (F).

*

Figure 3. Cardiovascular MRI findings on T2-weighted and delayed enhancement images.
(A) Schematic model of the short axis, (B) T2-weighted image and (C) contrast‑enhanced image of a 
patient with a reperfused anterior infarction. (A) Schematic model representing the different zones 
within the perfusion territory of the occluded artery. 1: Normal myocardium, 2: area at risk, 3: infarct 
zone, 4: microvascular obstruction, 5: salvaged area. (B) The T2-weighted image shows the area at risk 
as a high signal intensity (2). Within the area at risk, hemorrhage is visible as an area with low signal 
intensity (asterisk). (C) The contrast-enhancement image shows the hyperenhancement of the infarcted 
area (3) and within the core of the infarction a hypoenhanced area is visible, representing microvascular 
obstruction (4). The hemorrhage corresponds almost exactly to the microvascular obstruction.
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the infarcted area. The inversion pulse is used 
to depress (null) the signal of the normal myo‑
cardium to achieve enormous contrast with the 
infarcted area (bright). The timing of this inver‑
sion pulse is manually selected and depends on 
the contrast agent, pharmacokinetics and cardiac 
function. Images are acquired at least 10 min 
after the intravenous injection of the contrast 
agent. Infarct imaging can be performed until at 
least 30 min after the injection of the contrast [27].

Hyperenhancement can be detected in the 
AAR at least 1 h after acute ischemic injury [38,39]. 
The necrosis starts in the subendocardial border 
and then progresses in a wavefront towards the 
epicardium with increasing occlusion time of the 
culprit lesion [4]. After re-establishment of blood 
flow, the infarct size increases in the first 24–48 h 
owing to the reperfusion injury and apoptosis, 
but also owing to edema and cellular elements, 
and can almost double in this time period [40]. 
After the first 2 days, the area of enhancement 
remains approximately the same size for up to 
14 days. In the following weeks to months, the 
infarct size decreases by approximately 19–31% 
[24,38,41]. The decrease in infarct size and mass 
is caused by the combination of resolvement of 
edema, hemorrhage and inflammation, as well 
as replacement of necrotic myocytes by collag‑
enous scar tissue [34,40,42]. Infarct size (in combi‑
nation with functional CMR) is becoming more 
popular for the use as primary end point in new 
trials [101].

Besides DE, both SPECT and PET are able 
to detect MIs, but DE imaging is more sensitive 
for subendocardial infarctions and the TEI [13,35]. 
TEI is an important prognostic factor for regional 
function of dysfunctional segments. Segments 
with smaller TEI are more likely to improve in 
contractile function owing to the significant 
amount of preserved unenhanced stunned myo‑
cardium. The improvement of dysfunctional seg‑
ments can be seen in patients with an AMI and 
primary PCI, but also in patients with a chronic 
(total) occlusion who are revascularized [24,43,44]. 
In AMI, dysfunctional segments with a TEI up 
to 75% have a good chance of improvement, 
probably owing to the presence of stunned myo‑
cardium [24,27]. In Figure 4 the myocardial func‑
tion and TEI of two patients with a reperfused 
left anterior descending artery occlusion are 
shown; patient A with a transmural infarction 
and patient B with a nontransmural infarction.

Although the initial infarct size is a good pre‑
dictor for global functional follow-up [25,45], the 
TEI takes into account the amount of viable tissue 
that can be functional at follow-up. Therefore, 

TEI is a better predictor for improvement of the 
global and regional contractile function compared 
with infarct size [4]. 

Delayed enhancement is able to detect scar‑
ring in patients with or without symptoms or 
ECG changes. Patients without a history of 
MI but with hyperenhancement have a higher 
chance for adverse cardiac events and a higher 
mortality rate compared with patients without 
hyperenhancement [46]. Meijs et  al. demon‑
strated that in a high-risk population without a 
history of MI or angina pectoris the prevalence 
of myocardial scarring is 9.4% [47]. In patients 
with angina pectoris, but no history of MI, the 
prevalence is even higher at 20–28% [46,48–50]. 

Patients with MI have a higher chance of sud‑
den cardiac death owing to ventricular tachy‑
cardia or ventricular fibrillation. Although at 
present a low LVEF is considered an indication 
for an implantable-cardioverter defibrillator 
(ICD), Bello et al. demonstrated that infarct size 

Distole Systole Infarct

Patient A

Acute

Chronic

Acute

Chronic

Patient B

Figure 4. Cardiovascular MRI findings on function and delayed enhancement 
in the acute and chronic phase. Patient A had a reperfused left anterior 
descending artery occlusion. The two-chamber delayed enhancement image shows a 
transmural infarction of the anterior wall and apex (bright). In the acute phase, there 
is no wall motion in the anterior wall, although the end-diastolic wall thickness is 
normal. In the chronic phase, there is decreased end-diastolic wall thickness and 
aneurysmatic wall motion. Patient B had a reperfused left anterior descending artery 
occlusion. The two-chamber delayed enhancement image shows a nontransmural 
infarction of the anterior wall and apex (bright). In the acute phase, there is no wall 
motion in the anterior wall, although the end-diastolic wall thickness is still normal. In 
the chronic phase, the end-diastolic wall thickness is decreased compared with the 
normal myocardium, but the wall motion is partly recovered.
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measured by DE is a better predictor for mono‑
morphic ventricular tachycardia [51]. DE is able 
to visualize the infarct size and the tissue hetero‑
geneity within the infarct zone. In the periphery 
of the infarct and the border zone the enhance‑
ment of the infarct is not homogenous, probably 
owing to areas with necrosis and bundles of viable 
myocytes [52]. The extent of tissue heterogeneity 
in the infarct periphery correlates well with an 
increased susceptibility to ventricular arrhythmias 
and with higher all-cause mortality [53,54]. The 
tissue heterogeneity can be quantified into the 
core and peri-infarct regions based on SI thresh‑
olds. A region of interest is chosen in the remote, 
noninfarcted myocardium, and the upper limit 
of normal SI was defined as peak remote SI. The 
total infarcted area has more than one SI, the 
core of the infarction has more than three SI and 
the peri-infarct region has teo to three SI above 
remote normal myocardium, as can be seen in 
Figure 5 [53,54]. Although promising, the impact of 
tissue heterogeneity in daily clinical practice is not 
yet clear and more research should be carried out.

Another major advantage of DE is the pattern 
of hyperenhancement. Rather than simply the 
presence or extent of enhancement, the pattern 
may offer important information on the origin 
of myocardial damage. The pattern of hyper
enhancement can differentiate between differen‑
tial diagnoses of acute chest pain with elevated 
cardiac enzymes; for example, between AMI and 
myocarditis [55,56].

Assessment of perfusion defects
Reperfusion of the myocardium is not always 
complete after successful revascularization of the 
culprit lesion by primary PCI. This can be seen 

by persistent ST‑elevation on ECG or diminished 
myocardial blush grade despite thrombolysis in 
myocardial infarction (TIMI) 3 flow [57]. This 
is caused by focal regions of inadequate flow 
owing to MVO, the so-called no-reflow zone or 
no-flow phenomenon [32,33,58]. The mechanism of 
reperfusion damage has not yet been completely 
delineated but is thought to be caused by multiple 
processes including disturbed endothelial func‑
tion, production of oxygen free radicals, altered 
vascular reactivity, cell swelling, microemboli and 
cell damage owing to attraction and activation 
of neutrophils. In 30–87% of the revascularized 
patients, MVO is present [23,24,41,59], which is 
related to adverse clinical outcome [13,57]. 

Microvascular obstruction causes diminished 
or no wash in of the contrast and can be visu‑
alized by CMR with two different techniques 
(Figure 6). First, FPP – also termed early hypo
enhancement – visualizes the contrast uptake 
(wash in) of the myocardium directly after injec‑
tion of the contrast agent. FPP is a dynamic tech‑
nique acquiring images during at least 40 consec‑
utive heart beats while administrating contrast, 
thereby acquiring multiple SA slices every R–R 
interval, or in case of a very high heart rate, 
every two R–R intervals. MVO is shown by a 
persistent region of hypoenhancement in the 
subendocardial layer of the AAR. The limita‑
tions of FPP are the relatively low spatial resolu‑
tion, low CNR and not full coverage of the LV. 
Second, T1-weighted inversion recovery gradient 
echo, which is the same sequence that is used for 
DE. As the infarction is visualized by the bright 
hyperenhanced area, MVO is visualized by the 
persistent region of hypoenhancement in the sub‑
endocardial core of the infarcted myocardium. 
For MVO, this technique can be used after 2 min 
and after 10 min, known as intermediate and late 
MVO, respectively. In the waiting period after 
the administration of contrast, the contrast can 
diffuse into the MVO. Therefore, DE can miss 
a less obstructed myocardium, which will fill in 
with contrast within the waiting period and can 
then be seen on FPP. Late hypoenhancement 
seems to indicate more severe MVO. Nijveldt 
et al. compared the different techniques to visu‑
alize MVO and showed that late MVO was 
the best predictor for global and regional func‑
tion recovery [20]. To our knowledge, no other 
comparison has been made to date. 

The presence of MVO predicts a worse clini‑
cal outcome [45], with a higher chance of cardio‑
vascular events such as death, reinfarction, con‑
gestive heart failure, stroke and unstable angina 
than predicted for patients without MVO [31]. 

Figure 5. Gray zone measurement. (A) Delayed enhancement short axis image 
of a patient with an infarction of the septal and anterior wall. (B) Analyzed image; 
epicardial contour (gray line), endocardial contour (dashed), infarct area (area 
within dotted line), infarct core (dark gray area between the arrows in the 
infarct area).
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Several studies investigated the relationship 
between MVO, infarct size and the recovery of 
LV function. There appears to be a positive rela‑
tionship between the presence and the extent of 
the MVO and an increased reperfusion time [26]. 
Furthermore, the infarct size is larger and LVEF 
is decreased and will not improve at follow-up 
[20,23,45,60,61]. The end-diastolic wall thickness 
is more decreased and wall thickening is more 
impaired in patients at follow-up compared with 
patients without MVO. In addition, there is 
an inverse relationship between the transmural 
extent of the MVO and the wall thickening at 
follow-up [23,24,45]. 

Both MVO and infarct size are independent 
predictors for remodeling at follow-up. At present, 
it is not clear which is best for predicting change 
in LVEF and LV volumes. Baks et al. showed 
that infarct size was the best predictor for adverse 
remodeling [45]; in the study by Nijveldt et al., late 
MVO was the best predictor [20], Shapiro et al. 
demonstrated that TEI was the most robust pre‑
dictor [12] and Hombach et al. proposed a combi‑
nation of infarct size, TEI and MVO [60]. Further 
research is needed to determine the predictive 
value of MVO with or without infarct size. 

First-pass perfusion contrast imaging can also 
be used for the detection of ischemia by compar‑
ing stress and rest FPP. This technique has been 

established in patients with stable and unstable 
angina and has the potential to detect ischemia in 
AMI patients with multivessel disease after treat‑
ment of the culprit lesion by primary PCI [62–66]. 
The prognostic value of CMR in patients with 
AMI and the combination of viability and isch‑
emia detection in one diagnostic investigation can 
be beneficial, but is still under research at present. 

Assessment of the area at risk 
& salvaged area
The current goal for medical and interventional 
therapies is to minimize infarct size. The best 
way to demonstrate the effect of therapies is to 
relate the infarct size to the initial AAR. The 
AAR is dependent on multiple factors includ‑
ing time to reperfusion, collateral flow and 
preconditioning [67]. The salvaged area is the 
portion of the AAR that survives the ischemic 
period. To determine the salvaged area we have 
to make a distinction between stunned–viable 
and necrotic myocardium within the AAR. 
During ischemia the myocytes swell owing to 
failure of energy-regulated membrane channels 
and subsequent sodium and water influx caus‑
ing edema. If the ischemia persists, cell mem‑
branes disintegrate, causing the onset of actual 
necrosis [68]. The stunned myocardium can be 
distinguished from necrotic myocardium by wall 

Left ventricle

Right ventricle

Figure 6. Different cardiovascular MRI techniques for microvascular obstruction. First-pass 
perfusion; (A) before contrast injection, (B) contrast in the right ventricle, (C) contrast in the left and 
right ventricle, (D) inflow in the myocardium of the left ventricle with no inflow of contrast (owing to  
microvascular obstruction) in the septal and anterior wall (between the arrows). (E) Delayed 
enhancement image of the same patient. Within the infarct area (bright area between asterisks) there is 
still no inflow of contrast owing to severe microvascular obstruction (black area between arrows).
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motion improvement during low-dose dobuta‑
mine therapy. However, this approach can be 
problematic if a residual stenosis is present in 
the infarct-related artery and it is also difficult 
to determine the lateral borders [4]. SPECT is 
currently considered the reference technique for 
quantifying the AAR in humans. Disadvantages 
of this technique are the necessity of 24‑h avail‑
ability of the isotope, injection of the tracer 
during coronary occlusion, imaging shortly 
after reperfusion therapy and radiation [18,67]. 
Recently, unenhanced T2-weighted spin echo 
(T2) imaging has been re-evaluated as a mea‑
sure for the AAR visualizing the infarct related 
edema. Myocardial edema gives a high SI owing 
to the long T2-relaxation time of protons bound 
in free water [68,69]. T2 has been considered tech‑
nically challenging owing to the long echo times, 
the reduced spatial resolution and low SNR. 
Current pulse sequences with dedicated cardiac 
coils have overcome some of these problems [67]. 

Several human and animal studies support the 
finding that T2 can retrospectively visualize the 
AAR. In animal research, a strong correlation is 
shown between the high T2 SI and fluorescent 
microspheres for the AAR [19,70]. There was also 
no significant difference in the determination of 
the AAR between SPECT and T2 imaging [18]. 

Recently, Abdel-Aty et al. demonstrated that 
in dogs T2 is able to image edema in acute isch‑
emic myocyte injury before onset of irreversible 
injury [68]. Approximately 28 min (maximum 
34 min) after the onset of coronary occlusion, 
there was a visual change in SI and the CNR 
increased. After reperfusion, the CNR increased 
even further [68]. In humans, edema could not be 
seen in patients 1 h after acute induced MI by 
alcohol in patients with hypertrophic obstructive 
cardiomyopathy, but could be seen after 1 day. 

In patients with acute coronary syndrome, who 
were enzyme-negative before MRI, edema was 
seen on T2 in 69% of the patients who developed 
positive biomarkers within 14 h after onset of 
symptoms [71]. The edema can be visualized for 
at least 1 month after acute ischemic injury and 
is not detectable after 3 months [38]. Therefore, 
T2-imaging is suggested to reliably differentiate 
between acute and chronic MI [67,72] and can 
quantify the AAR and the salvage area [67,73]. 
This makes T2-imaging an useful diagnostic 
tool in clinical settings such as unstable ischemia 
and evolving infarction, although it is not stan‑
dardized procedure and is still under study [68]. 

Assessment of the hemorrhage in 
the infarction core 
T2-weighted imaging can also differentiate 
between hemorrhagic and nonhemorrhagic 
infarctions. Reperfusion can cause intramyo
cardial hemorrhage by extravazation of red 
blood cells through severely damaged endo‑
thelial cell walls into the extravascular space. 
This hemorrhaged zone expands gradually 
after reperfusion as has been demonstrated in 
experimental research [74,75]. Owing to the para‑
magnetic effects of deoxygenated hemoglobin 
and methemoglobin, there is a shortening of 
the T2 relaxation time, causing a hypointense 
core within the infarction (Figure 3). The preva‑
lence of hemorrhage in patients with AMI is 
approximately 24–49% [76,77]. Hemorrhage 
is only observed in patients with MVO and 
is associated with longer time to reperfusion, 
diminished TIMI flow before revascularization 
and more necrosis [78,79]. In addition, the infarct 
size and the extent and size of MVO is larger 
in patients with hemorrhage compared with 
patients without hemorrhage [77]. In patients 

Table 1. Appropriateness criteria for cardiac computed tomography and cardiovascular MRI.

Indication Appropriateness

Evaluation of LV function following AMI in patients with low image quality from echocardiogram A

Evaluation of LV function following AMI U

Quantification of LV function in patients with discordant information A

Evaluation of differential diagnosis (myocarditis) in CAG-negative but positive cardiac enzymes A 

Determination of the location and extent of myocardial necrosis including no reflow after AMI A

Determination viability prior to revascularization A

Detection of CAD by stress imaging in patients with chest pain syndrome, intermediate pretest probability and 
the echocardiogram being uninterpretable or unable to exercise

A

Detection of CAD by stress imaging in patients with acute chest pain and ST‑elevations and/or enzyme elevation I

Evaluation of cardiac mass (suspected thrombus) A

Evaluation of pericardial conditions A
A: Appropriate; AMI: Acute myocardial infarction; CAD: Coronary artery disease; I: Inappropriate; LV: Left ventricular; U: Uncertain. 
Data adapted from [80].
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with hemorrhage, LV volumes are increased 
and LVEF is decreased in the acute and chronic 
stadium compared with patients without hemor‑
rhage. There is more adverse remodeling and no 
improvement of LVEF at follow-up by contrast 
to patients without hemorrhage [77]. Like infarct 
size and MVO, it is unclear whether hemorrhage 
is a better predictor for the change in LVEF and 
LV volumes. Beek et al. showed that the presence 
of hemorrhage is no predictor for the change 
in LVEF [76], but Ganame et al. showed that 
hemorrhage is the best predictor regardless of 
the initial infarct size [77].

More research should be carried out to con‑
clude the influence of MVO, hemorrhage and 
infarct size on remodeling. 

Cardiovascular MRI indications 
& protocols
Although CMR is able to evaluate and quan‑
tify ventricular function, volumes and mass, as 
well as the AAR, viability and no-reflow in one 
investigation, CMR is not yet a standard tool 
in the evaluation of patients with AMI. This 
is mainly because it is a relatively expensive 
specialized technology with cheaper and more 
practical options for follow-up available, such 
as echocardiography. 

The advantage of CMR is that it is able to dif‑
ferentiate between MI and differential diagnoses 
such as myocarditis, pericarditis, Tako–Tsubo 
syndrome and coronary spasm owing to drug 
abuse (e.g., cocaine). 

Therefore, CMR should always be considered 
in patients, presenting with acute chest pain and 
(ischemic) ECG abnormalities or enzyme eleva‑
tion but with normal coronaries in angiography. 
Another indication for CMR is for the evalu‑
ation of ventricular function and volumes in 
patients with poor echocardiogram image qual‑
ity [80]. In addition, CMR is a sensitive tool in 
the detection of postinfarction complications 
such as pericardial effusion (Dressler syndrome), 
(pseudo)aneurysms, ventricular septum defect 
and thrombus, especially in the apical part of 
the heart or the inferolateral wall and the right 
ventricle. Quantification of ventricular function 
and volumes in order to identify patients who are 
at high risk for heart failure or have an indica‑
tion for an ICD is another possible indication 
for CMR [80]. In patients with multivessel dis‑
ease, CMR could be an interesting tool for the 
detection of ischemia in the nonculprit lesion 
with stress FPP as well as viability testing of the 
nonacute infarcted segments. However, this is 
still being researched and is not yet clinically 

implemented. CMR is a relative new technology 
and as such the indications for CMR in daily 
practice are not yet standardized. In 2006, the 
American College of Cardiology Foundation 
(ACCF), together with key specialty, and sub‑
specialty societies evaluated the appropriate use 
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Executive summary

Assessment of myocardial function
�� Owing to good spatial and temporal resolution and high contrast-to-noise ratio, cardiovascular MRI (CMR) is the gold standard for the 

assessment of global and regional function and is therefore an excellent tool for the assessment of remodeling.

Assessment of myocardial infarction
�� Delayed enhanced imaging allows visualization of acute myocardial necrosis and collagenous fibrosis. 
�� Infarct size and the transmural extent of infarction are good predictors for improvement of function. 

Assessment of microvascular obstruction
�� Microvascular obstruction can be visualized by first-pass perfusion and by delayed enhancement. 
�� Patients with microvascular obstruction have increased remodeling of the left ventricle and have a worse clinical outcome.

Assessment of the area at risk
�� Edema can be visualized by T2-weighted imaging and therefore allows for the noninvasive identification of the area at risk in patients 

with acute myocardial infarction.

Assessment of hemorrhage 
�� CMR T2-weighted imaging is the only noninvasive tool for the imaging of myocardial hemorrhage.
�� Patients with hemorrhage have increased remodeling of the left ventricle.

Conclusion
�� CMR allows assessment of regional and global function, morphology and tissue-specific information in one investigation with a good 

spatial and temporal resolution and a high contrast-to-noise ratio. 
�� CMR is the gold standard for assessment of myocardial function and viability in acute and chronic myocardial infarction. 
�� CMR allows visualization of the remodeling process after acute myocardial infarction.
�� More research should be carried out in order to determine the relationship between time to reperfusion, infarct size, microvascular 

obstruction and hemorrhage and the changes in left ventricular volumes and ejection fraction.

of CMR in patients to improve patient care and 
health outcomes in a cost‑effective manner. 
Table 1 shows a selection of the criteria concern‑
ing patients with AMI and their appropriateness 
[80]. These criteria should be seen as an initial 
guide for the responsible use of CMR. 

In addition, the current protocols for specific 
cardiac disease are not standardized worldwide. 
In 2008, the task force of the Society for CMR 
recommended protocols for different cardiac dis‑
ease. The following protocol was recommended 
in AMI patients: LV structure and function 
(using SSFP); T2‑weighted imaging at least 
in the areas with wall motion abnormalities 
(although this is optional); FPP (early no-reflow) 
and consideration to repeat FPP or early gado‑
linium enhancement within the first 1–3 min 
after contrast infusion (intermediate no-reflow); 
and late gadolinium enhancement for late no-
reflow and necrosis imaging [81]. Figure 7 shows 
an overview of our CMR protocol for patients 
with AMI with the different techniques, the 
indications and the performing time. 

Cardiovascular MRI contraindications
There are some patient-related contraindications 
for MRI and CMR in certain circumstances 
such as hemodynamic instability, nonsinus 
rhythm, dyspnea, inability to hold breath for at 
least 10–15 s, obesity and claustrophobia. 

Owing to the high magnetic field and the 
rapid changes of magnetic field necessary to gen‑
erate an image, there are some contraindications 

for MRI such as the presence of a pacemaker, 
ICD, Schwan–Ganz catheters, intra-aortic bal‑
loon pump, metal clips for (brain) aneurysms 
and metal in the orbita. Coronary stents are no 
contraindication and patients with stents can be 
scanned immediately after placement. 

Furthermore, there are contraindications for 
the use of gadolinium-based contrast agents 
such as known or suspected allergy to gado‑
linium, pregnancy, breastfeeding and known or 
suspected renal failure. The use of gadolinium 
in patients with a glomerular filtration rate of 
less than 30 ml/min is a risk for developing 
nephrogenic systemic fibrosis. 

Conclusion
Owing to the good spatial and temporal resolu‑
tion, accuracy and reproducibility, CMR is an 
adequate and reliable noninvasive diagnostic tool 
for cardiac disease and in patients with AMI. At 
present, CMR is the gold standard for quantita‑
tive measurements of left ventricular functional 
parameters as well as infarct determination. In 
patients with a diagnosis of AMI, CMR is able to 
accurately visualize the global and regional func‑
tion (cine imaging), distinguish between viable 
and nonviable myocardium (using DE), as well 
as between differential diagnoses such as myocar‑
ditis, and CMR can visualize the no-reflow zone 
(FPP and DE), the AAR (T2) and hemorrhage 
in the infarct core (T2). Besides the diagnostic 
value of CMR, CMR results can have direct 
impact on the management of AMI patients. 
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Future perspective 
Cardiovascular MRI is becoming more gener‑
ally available, and new and improved techniques 
are being developed, making CMR an excellent 
noninvasive diagnostic tool. Clinical research 
has already proven that CMR has influence on 
the management and prognosis in patients with 
AMI. Therefore, CMR is a promising tool in 
daily clinical practice as well as end points in 
(clinical) research.
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