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Abstract
Detection of myocardial viability is an important issue that needs to be addressed when patients with

dysfunctional myocardium are considered to be revascularised. The pathophysiological substrate may

include myocardial hibernation, myocardial stunning, or both. The greatest benefit is in terms of myocardial

function recovery and prognosis is obtained if the revascularised vascular territory contains viable

myocardium. Viable myocardium can be detected with nuclear techniques (SPECT, PET), low dose

dobutamine stress echocardiography and MRI. With MRI robust detection of viable myocardium can be

performed with delayed enhancement (with gadolinium contrast agent), low dose dobutamine stress, and

stress/rest perfusion imaging.

For recovery of myocardial function there are relatively small differences between all available techniques,

whereas for improvement of prognosis all techniques perform equally. Myocardial delayed enhancement

imaging can also visualise micro-embolisation as a result of percutaneous coronary intervention.

Furthermore, MRI delayed enhancement enables differentiation between ischaemic and non-ischaemic

heart disease and can identify specific cardiomyopathies.
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Introduction
Myocardial viability assessment plays an important role in clinical

management to select patients who will benefit or not from coronary

revascularisation. Historically, myocardial viability was assessed

with nuclear techniques en stress echocardiography. Magnetic

resonance imaging (MRI) is rapidly emerging as an alternative

technique to assess myocardial viability. Moreover, MRI allows

comprehensive assessment of cardiac anatomy and function in a

non-invasive fashion, which can contribute to patient management.

Viability assessment: why?
Medical treatment in patients with chronic coronary artery disease

results in impaired survival compared to revascularisation and the

impact on survival is related to the severity of left ventricular (LV)

dysfunction1,2.

The pathophysiology related to this observation is that a mismatch

of demand and supply leads to myocardial hibernation, myocardial

stunning, and/or repetitive stunning and results in impaired LV

function. Although, hibernation, stunning, and/or repetitive

stunning seem separate entities, there is considerable overlap.

Therefore, the term viable dysfunctional myocardium is better for

clinical practice. Non-invasive imaging techniques can help to

identify viable dysfunctional myocardium. Revascularisation of

viable dysfunctional myocardium has been demonstrated to result

in improved LV function as demonstrated by Tillisch3 and various

other groups. From a clinical point of view also prognosis is

important. Patients with evidence of viable dysfunctional

myocardium benefit from revascularisation for prognosis, but

similar patients who were treated medically were at high risk for

cardiac events4. It was also demonstrated that patients without

viable dysfunctional myocardium are at increased risk for

perioperative complications and should be treated medically5. This

concept of benefit in prognosis from revascularisation of viable

dysfunctional myocardium only, and medical management of

patients without viable dysfunctional myocardium was confirmed in

a meta-analysis of 3,088 patients (Figure 1)6.

Thus, detection of viable dysfunctional myocardium is relevant for

clinical management and data show that patients with moderately

and also with severely impaired LV function benefit from

revascularisation if dysfunctional myocardium is viable. To date MR

imaging, echocardiography and nuclear techniques are available for

this purpose and all can differentiate between viable dysfunctional

myocardium and irreversibly damaged (infarcted) dysfunctional

myocardium.

Assessment of viable dysfunctional
myocardium

MRI functional imaging

MR imaging provides reproducible and high resolution 

(1.5-2.0 mm; depending on used sequences and equipment) images

of cardiac anatomy and cardiac function. Imaging of myocardial

function may reveal no wall motion abnormalities in regions with an

infarct to up to 50% transmurality. The reason that these areas are not

detected as dysfunctional is that the remaining non-infarcted

myocardium may compensate for the loss on contractile function.

Another reason is that areas of normal myocardium adjacent to the

infarcted myocardium may draw the infarcted myocardium in systole,

thus showing (passive) myocardial motion called tethering.

Functional MR imaging can also detect areas with dysfunctional

myocardium that may contain viable but dysfunctional myocardium,

or show non-viable dysfunctional myocardium.

As mentioned before, it is important to detect the viable

dysfunctional myocardial regions that may recover function after

revascularisation and that may lead to an improved prognosis for

the patient. For assessment of viable dysfunctional myocardium

different MRI techniques can be used. Most important techniques

are delayed enhancement imaging, and dobutamine stress

imaging. Also myocardial perfusion MR imaging provides

information on myocardial viability.

MRI delayed enhancement imaging

Gadolinium chelates are used in MR imaging as contrast agents.

Gadolinium is a metabolically inert molecule that is distributed in

the extracellular compartment. In normal myocardium the

gadolinium shows rapid diffusion from intravascular compartment

to extracellular compartment and then is rapidly washed out. In

case of acute myocardial infarction, cellular membrane integrity has

been lost, thereby increasing the extracellular compartment. In

chronic infarcted myocardium, myocardial cells are replaced with

fibrosis, and this also causes increased extracellular compartment.

With gadolinium administration the increased extracellular

compartment will contain a greater amount of gadolinium and

shows a slower washout rate compared to normal myocardium. This

physiological property is the key to the visualisation of non-viable

dysfunctional myocardium. When imaging is performed the heart is
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Figure 1. Data from a meta-analysis of 3,088 patients6. Death rates for
patients with and without myocardial viability treated by
revascularisation or medical therapy. There is 79.6% reduction in
mortality for patients with viability treated by revascularisation
(p<0.0001). In patients without myocardial viability, there was no
significant difference in mortality with revascularisation versus
medical therapy. Reprinted with permission from the publisher
Elsevier.
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given a magnetic pre-pulse to change the magnetisation of the

myocardium. This magnetisation is gradually lost and magnetisation

will return to zero. Normal myocardium and infarcted myocardium

have different rates of losing magnetisation and will reach the zero

level at a different time. Imaging of the area of interest is then

chosen at the moment when the normal myocardium reaches the

zero level and will appear black. The infarcted myocardium has not

reached the zero level and will therefore appear white (delayed

enhancement). An example is shown in Figure 2. This technique

was first applied by McNamara and coworkers in 1986 in dogs8.

Since then the technique has been refined by other groups and to

date delayed enhancement is the cornerstone of MR viability

imaging8. Histological data confirmed that areas with delayed

enhancement show cellular necrosis and fibrosis9. However, in the

acute setting of myocardial infarction the infarcted area is also

oedematous as result of the myocardial damage. This leads to

increased extracellular space and increases the area of delayed

enhancement on MR imaging in the acute setting. However, this

phenomena is only temporary because, when the oedema resolves

after 1-4 weeks, the delayed enhancement volume will be reduced

30% and then remains at a stable level8,10.

The high spatial resolution of MR imaging – in contrast to nuclear

and echocardiographic techniques – enables differentiation

between sub-endocardial and transmural infarcts. This is

particularly important in management of patients, because before

performing a revascularisation procedure the benefit of this

procedure in terms of left ventricular function recovery and

prognosis must be weighted to the periprocedural risks. Kim and

coworkers demonstrated that the likelihood of recovery of function

is inversely correlated to the amount of the transmural extent of

delayed enhancement11. In 50 patients MR delayed enhancement

imaging was performed before revascularisation and almost no

segments with >75% transmural extent showed recovery of

contractile function, whereas segments without delayed

enhancement showed very high likelihood of functional recovery

(Figure 3). In clinical practice usually 50% of transmural extent is

considered a discriminatory value between reversible and

irreversible myocardial injury (Figure 2).

A specific entity of non-viable infarcted myocardium that can be

detected with delayed enhancement imaging is microvascular

obstruction (MVO). Infarcted myocardium may show persistent

limited perfusion in the infracted area as a result of microvascular

obstruction by necrotic debris, micro-emboli, platelets and other

cells. As a result on delayed enhancement imaging this area appears

black – as gadolinium cannot penetrate this area – within the area of

delayed enhanced myocardium (white). Microvascular obstruction

was observed to be a prognostic factor that predicts post infarct

complications (i.e., death, heart failure) and left ventricular

remodelling12. An example of this phenomena is shown in Figure 4.

The evidence that delayed enhancement predicts recovery of

myocardial function is confirmed by several groups; however

reports on the relation between delayed enhancement and

prognosis are scarce. Small studies reported that larger degree of

infarctions are associated with a higher risk of post infarct

complications, heart failure and the inducibility of ventricular

tachycardia12,13. A larger study of 857 patients showed that the

presence of delayed enhancement was an independent predictor of

adverse outcome for patients with and without coronary artery

disease14. This observation remained also valid when only patients

Percutaneous treatment of CTO: the role of imaging

Figure 2. Short axis delayed enhancement image of left ventricle.
Normal myocardium is depicted in black. Non-viable infarcted
myocardium is white (arrows). Long arrow points out transmural
delayed enhancement and short arrow non-transmural delayed
enhancement.

Im
p
ro

ve
d
 c

o
n
tr

a
c
ti

li
ty

 (
%

)

Transmural extent of hyperenhancement (%)

All dysfunctional

segments

Segments with

severe hypokinesia,

akinesia or dyskinesia

Segments with

akinesia or dyskinesia

60

60

100

(256 of
 329)

(109 of
 183)

(46 of
 110)

(13 of
 124)

0
1–25

26–50
51–75

76–100 0
1–25

26–50
51–75

76–100 0
1–25

26–50
51–75

76–100

(0 of
 57)(10 of

 103)

(29 of
 68)

(56 of
 86)

(128 of
 148)

(12 of
 12)

(23 of
 28)

(9 of
 20)

(4 of
 54)

(0 of
 46)

40

20

0

Figure 3. Relation between the transmural extent of
hyperenhancement before revascularisation and the likelihood of
increased contractility after revascularisation. Data are shown for all
804 dysfunctional segments and separately for the 462 segments with
at least severe hypokinesia and the 160 segments with akinesia or
dyskinesia before revascularisation. For all three analyses, there was an
inverse relation between the transmural extent of hyperenhancement
and the likelihood of improvement in contractility11. Reprinted with
permission from the publisher NEJM.
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with coronary artery disease were studied (n=642) and delayed

enhancement predicted adverse events in patients with preserved

and non-preserved left ventricular ejection fraction. Another study

illustrates the strength of delayed enhancement imaging by

demonstrating that in 76% of patients without known coronary

artery disease an unrecognised myocardial infarction was present at

MRI which was not detected with electrocardiography and that even

the presence of very small areas (2%) of delayed enhancement

resulted in higher risk for adverse events15. This observation is in

agreement with the fact that patients who experienced non-Q wave

infarctions are at increased risk for adverse events. Thus, the data

show that the presence and extent of delayed enhancement is

associated to an impaired prognosis. However, to date there are no

MR imaging data that show improved prognosis after

revascularisation of viable dysfunctional myocardium. The evidence

of benefit from revascularisation of viable dysfunctional

myocardium is largely derived from nuclear and echocardiographic

data6, but there is no reason that this concept is not applicable to

viable dysfunctional myocardium detected with MR imaging.

MRI dobutamine stress
For prediction of recovery of myocardial function, delayed

enhancement imaging delineates the non-viable myocardium. The

other dysfunctional surrounding regions which appear viable, are

considered to bear the potential to recover function when

revascularised. However, delayed enhancement does not assess the

functional state of the surrounding (viable) myocardium. The

surrounding myocardium may be normal, remodelled, hibernating,

stunned, and or ischaemic and there may exist different degrees of

dysfunction. Therefore not all revascularised myocardium recovers

function as predicted with delayed enhancement. To address this

issue a “positive” selection of the viable dysfunctional can be made

with dobutamine stress MR imaging. Low-dose dobutamine infusion

may improve contractile function and cellular energetics in

hypoperfused myocardium. A typical observed pattern is the

biphasic response: first improvement in contractile function at low

dose due to stimulation of the inotropic reserve of the viable

myocardium and then at higher dose a worsening of contractile

function due to prolonged imbalance between demand and supply.

In contrast infarcted non-viable myocardium does not show any

change in contractility in response to dobutamine infusion (Figure 5).

This concept has been extensively validated in echocardiography16.

For MR imaging dobutamine stress provides good prediction of

myocardial recovery. Compared to delayed enhancement imaging

prediction may be even better with dobutamine stress due to the

“positive” selection principle17, but whether dobutamine stress

selection leads to a better prognosis is not investigated.

MRI perfusion imaging
MRI perfusion imaging is predominantly a technique to assess

impairment of myocardial perfusion reserve to detect

haemodynamically significant stenosis. Gadolinium contrast is

infused in the blood pool, spreads to the myocardium and then is

washed out. Infusion of contrast can be done during vasodilator

stress and in resting conditions. The changes in perfusion can be

depicted with series of multiple images at different locations of the

heart (typically: apical, mid, and basal region) and can be assessed

visually and quantitatively. Irrespective of the stress result,

myocardium that is viable shows a normal perfusion at rest. When

both stress and rest perfusion show abnormal perfusion in a

dyskinetic region the myocardium depicts non-viable myocardium

(Figure 5). In clinical practice both perfusion imaging and delayed

enhancement are combined so that after perfusion sequences,

delayed enhancement imaging is performed18.

Quantification in MRI
Data on function, delayed enhancement and perfusion obtained with

MR imaging are preferably analysed and displayed according to the

American Heart Association Working Group proposed 17 segment

model and vascular territories (Figure 6)19. The left ventricle is divided

into four short axis slices (basal, six segments; mid, six segments;

apical, four segments; apex, one segment) to allow regional analysis.

Assessment of regional function is done by interpreting all 17

myocardial segments preferably in short- and long axis slices. Wall

thickening is usually scored using: 0=normal, 1=mild hypokinesia,

2=severe hypokinesia, 3=akinesia, 4=dyskinesia. Wall motion can

also be assessed quantitatively with programs that involve delineation

of endo- and epicardial contours in systole and diastole. Delayed

enhancement is scored by determination of the transmural extent of

enhancement: 0=no enhancement; 1=1-25% enhancement; 2=26-

50% enhancement; 3=51-75% enhancement; 4=76-100%

enhancement. Delayed enhancement can also be assessed

quantitatively and then enhancement will be stated as a percentage of

the total myocardium. For perfusion imaging using visual scoring

perfusion defects are defined as focal areas of diminished myocardial

enhancement and appear darker compared to normal segments.

Myocardial perfusion can also be assessed quantitatively using

Figure 4. Short axis delayed enhancement image of left ventricle.
Microvascular obstruction is shown as a black core surrounded by
white delayed enhancement (arrows).
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technically rather difficult modelling. However, for clinical

management visual interpretation is more practical and shows high

sensitivity (93%), but only moderate specificity (60%) compared to

angiography.

Comparison to other techniques
Detection of myocardial viability is, apart from MR imaging, also

feasible with nuclear techniques such as positron emission

tomography (PET), single photon emission computerised

tomography (SPECT) and low dose dobutamine echocardiography.

All techniques are robust and can be used for clinical

management of viability issues. However, when comparing

effectiveness of techniques, the quality of the data is dependent

on the amount of experience with the technique in a specific

centre. Frequently centres concentrate on 2-3 techniques, rather

than performing all. The use of MR imaging is restricted to

patients who do not have cardiac devices, do not have metal

objects and are not claustrophobic. Since viability issues

frequently play a role in patients with heart failure it is

recommended that heart failure patients undergo viability

evaluation before internal cardiac defibrillator (ICD) implantation.

For patients who already have an ICD, nuclear techniques or

Percutaneous treatment of CTO: the role of imaging

Figure 5. Short-axis views at mid ventricular to apical levels of end-systolic regional wall motion and myocardial perfusion at rest and during dobutamine
stress. After administration of 10 gamma low dose dobutamine no improvement in wall motion is seen (white arrows). The perfusion images show a
fixed perfusion defect during rest and stress (black arrows). Delayed enhancement images show delayed enhancement (white arrows) and microvascular
obstruction (arrowhead) in the interventricular septum on 2-chamber, 4-chamber, and short-axis views. The absent regional wall motion, the fixed
perfusion defect and almost transmural delayed enhancement with microvascular obstruction are compatible with non-viable myocardium.

Figure 6 A) Display, on a circumferential polar plot, of the 17 myocardial segments and the recommended nomenclature for tomographic imaging of
the heart19. Reprinted with permission from the publisher Elsevier. B) Assignment of the 17 myocardial segments to the territories of the left anterior
descending (LAD), right coronary artery (RCA), and the left circumflex coronary artery (LCX)19. Reprinted with permission from the publisher Elsevier.

A B

SupG107_Sieblink  05/05/10  08:51  Page111



- G112 -

MRI for viability

echocardiography would be the techniques of choice until MR-

compatible devices are available.

The advantage of MR imaging is that because of the high spatial

resolution, it can detect small infarcts that were missed by SPECT

imaging20. The ‘postitive’ detection of viable dysfunctional myocardium

with nuclear techniques and dobutamine stress MRI or

echocardiography are the advantages over MRI delayed enhancement

imaging. For recovery of LV function all techniques show good

sensitivity and specificity (Figure 7)21 and MRI shows comparable

results (sensitivity 96%, specificity 84%)22. Data on prognosis of

outcome after revascularisation or refraining from revascularisation

show that PET, SPECT or dobutamine echocardiography show similar

results6. For MR imaging no such data are available yet.

increased ischaemic time. Moreover, in ischaemic heart disease the

distribution of the delayed enhancement is according to the

epicardial vascular territories (LAD, LCX, RCA). In non-ischaemic

heart disease myocardial fibrosis can also be detected with delayed

enhancement imaging. These areas of myocardial fibrosis also

exhibit a greater extracellular volume that takes up gadolinium and

depicts white at delayed enhancement imaging. Furthermore,

myocardial fibrosis in non-ischaemic heart disease is not typically

distributed according to epicardial vascular territories and the

pattern is usually patchy and involves the midwall and

epicardium24. Delayed enhancement in the midwall can be found in

approximately 30% of patients with idiopathic dilated

cardiomyopathies (Figure 9A). Also in hypertrophic cardiomyopathy

fibrosis can be found at the junctions of the septum and the right

ventricle and in the hypertrophic septum in case of hypertrophic

obstructive cardiomyopathy (Figure 9B). Myocardial fibrosis in

these patients may be a substrate to arrhythmias and may be

predictive of impaired prognosis. Patients with cardiac amyloidosis

demonstrate a characteristic pattern with a rim of subendocardial

delayed enhancement represented by increased deposition of

amyloid compared to the midwall and epicardial region (Figure 9C).

Acute myocarditis can be detected by delayed enhancement in

epicardial regions. In the acute stage this enhancement does not

depicts fibrosis but oedema, which also leads to increased

extracellular space (Figure 9D). In the chronic phase of myocarditis

typical epicardial fibrosis can be detected.

Conclusion
MR imaging is a comprehensive technique to assess viable

dysfunctional myocardium with delayed enhancement imaging,

dobutamine stress imaging and perfusion imaging. MRI also

Figure 8. Two chamber delayed enhancement image of left ventricle
showing multiple spots of delayed enhancement (arrows) depicting
small embolisation after percutaneous coronary intervention.

Figure 7. Receiver operating characteristic display, indicating 95%
confidence intervals for each technique. The most effective modalities
are located closer to the upper right corner of the graph. In this display,
the smaller the square, the better the technique. A square (as opposed
to a rectangle) indicates a good balance between sensitivity and
specificity. A small symbol reflects narrow confidence intervals. LD:
low dose21. Reprinted with permission from the publisher Elsevier.

Viability testing after percutaneous coronary
intervention
Percutaneous coronary interventions (PCI) often are accompanied

by the rise of blood troponin levels. When delayed enhancement

imaging is performed after a complex PCI, regularly new areas of

delayed enhancement can be observed. This is presumably caused

by distal embolisation of remnants of thrombus and/or

atherosclerotic plaque that are mobilised during PCI (Figure 8). MR

imaging and computed tomography techniques are able to detect

these heterogeneous micro-infarcts in the in the territory of

intervention. The amount of myocardial delayed enhancement

correlates to the observed troponin levels shortly after the

procedure23. This finding is not known to have significant impact on

prognosis of patients, but suggests that the use of a distal protection

device can prevent this irreversible myocardial damage.

Differential diagnosis of delayed
enhancement patterns
In coronary artery disease delayed enhancement imaging typically

shows enhancement with a subendocardial to epicardial gradient

resembling the wavefront progression towards the epicardium with
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provides additional information on anatomy and function with high

spatial resolution and enables differentiation between ischaemic and

non-ischaemic heart diseases. The use of MR imaging to detect

viable myocardium is limited to patients who have no

contraindications for MRI. It is expected that in the future

development of MR compatible devices will overcome this limitation.
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