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INTRODUCTION 

Although progress in medical and surgical care has caused a considerable improvement in 

infarction-related mortality, coronary heart disease remains the principal cause of death in 

the western world. In the last decade, Cardiovascular Magnetic Resonance imaging (CMR) 

has transformed from a promising research technique into an established and valuable 

diagnostic tool in the daily practice of the clinical cardiologist.1 2 Technical advances in 

hardware and development of new software have led to major improvements in image 

quality, spatial and temporal resolution, and imaging speed, allowing the detailed 

assessment of the whole spectrum of cardiovascular disease.3 This thesis addresses the 

clinical application of CMR in patients with myocardial infarction. 

Chapter 1 provides an overview of the CMR techniques used in patients with 

myocardial infarction, their latest developments, as well as their application in both the 

acute and the chronic phase of myocardial infarction. The theory of MR data acquisition 

and image reconstruction is beyond the scope of this thesis, and the interested reader is 

kindly referred to one of many available textbooks. 

Chapters 2-4 focus on the use of CMR in patients with acute myocardial infarction. In 

Chapter 2, delayed contrast-enhanced (DCE) imaging is used to predict functional recovery 

of stunned myocardium. Chapter 3 compares DCE and first-pass CMR to angiographic and 

electrocardiographic measures of microvascular injury and their ability to predict functional 

outcome in reperfused myocardial infarction. In Chapter 4, non-enhanced T2-weighted 

imaging is used to assess the presence and impact of infarct-related haemorrhage in 

revascularised patients.  

Chapters 5 and 6 focus on the use of DCE CMR in patients with chronic ischemic heart 

disease. In Chapter 5, DCE imaging is compared to the current reference imaging standard 

of viability, 18F-fluorodeoxyglucose positron emission tomography. Chapter 6 studies the 

relation between DCE imaging, long term functional outcome and the time course of 

improvement after revascularisation. 

The studies presented in Chapters 7 and 8 address the quantitative analysis of CMR 

images. In Chapter 7, normal values for regional wall thickness and wall thickening are 

provided using cine imaging and the centerline method in healthy volunteers. Chapter 8 

studies the impact of DCE quantification methods on regional and global infarct extent, and 

on the ability of DCE CMR to predict functional outcome after revascularisation in chronic 

ischemic heart disease. 

 

(References see Chapter 1) 
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Chapter 1 
 

 

Cardiovascular Magnetic Resonance Imaging: Applications in patients 

with acute and chronic myocardial infarction – an overview 

 

 

Aernout M. Beek 

 

 

Beek AM, van Rossum AC. Cardiovascular Magnetic Resonance Imaging in Patients with Acute 

Myocardial Infarction (Adapted from Paragraph 1.2 and 1.3). In press, Heart 2009.  

 

Beek AM, van Rossum AC. Cardiovascular Magnetic Resonance Imaging in Patients with Ischemic 

Cardiomyopathy and Chronic Myocardial Infarction (Paragraph 1.4). Provisionally accepted, Heart 

2009. 
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1.1 GENERAL CONSIDERATIONS IN CARDIOVASCULAR MAGNET IC 

RESONANCE IMAGING 

The MR scanner hardware is formed by a large bore magnet that creates a strong magnetic 

field, a radiofrequency transmitter, a radiofrequency receiver coil, and a computer to 

reconstruct the raw data into images. The strength of the magnet in most current MR 

systems is 1.5 Tesla (T), although commercial high field (3 T) scanners are becoming 

increasingly available. Cardiovascular Magnetic Resonance imaging (CMR) at high field 

strength has theoretical advantages related to the higher signal-to-noise, that can be 

translated into improved spatial or temporal resolution, or reduced scan time.4 Although 

high field imaging of the heart is promising, it comes with considerable challenges and is 

currently still under development. 

CMR is very safe, without harmful biological effects, and with relatively few absolute 

contra-indications. Patients with mechanical valves and newly implanted coronary stents 

can be safely scanned without specific precautions. CMR is potentially hazardous to 

patients with implanted (electronic) devices and all patients should be meticulously 

screened prior to the examination. Regularly updated lists of MR compatibility of numerous 

devices and other implanted structures can be found in the literature.5 6 

To acquire the data, the user selects a software program, the pulse sequence. Signal 

intensity on MR images is defined by the interplay between the magnetic properties of the 

tissues and the characteristics of the pulse sequences. Each pulse sequence results in a 

typical image appearance. The selection of pulse sequence and the parameter setting is 

defined by the diagnostic question, and, in cardiac imaging, also by the clinical condition 

and the heart rate and rhythm of the patient. In all sequences, there is interdependence 

between spatial resolution, temporal resolution, scan duration, patient cooperation and 

resulting image quality. Since the majority of cardiac pulse sequences require breath-

holding for optimal result, in some patients, spatial or temporal resolution has to be 

sacrificed to reduce scan duration to ensure images of diagnostic quality. In others, 

parameter setting within a pulse sequence needs adjusting because of an irregular heart 

rhythm or very fast or slow rates. In general, expiration breath-holding is advocated 

because of higher reproducibility. Because of the extra difficulties imposed by heart rate 

and rhythm, patient condition, the non-orthogonal, oblique imaging views, and the use of 

stress imaging, CMR is challenging to both physicians and technologists, and dedicated 

training is warranted.7 
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1.2 CMR PULSE SEQUENCES 

The following paragraphs contain an overview of the CMR pulse sequences that may be 

used in patients with myocardial infarction. It focuses on function, the visualization of 

infarction and its complications, and the assessment of myocardial viability. 

 

Cine imaging 

Cine imaging forms the backbone of the cardiac examination, and is used for the qualitative 

and quantitative assessment of myocardial and valvular anatomy and function (table 1). 

When used with dobutamine stress, it can be used to detect myocardial ischemia (high 

dose) and viability (low dose). The typical pulse sequence used in cardiac cine imaging is a 

breath-hold, segmented, steady-state free precession (SSFP) sequence with retrospective 

ECG-gating. In comparison to the previously used gradient-echo sequence, SSFP cine 

imaging provides superior contrast between the high signal intensity of blood and the low-

intermediate signal intensity of myocardium (figure 1). The raw data of each image frame 

of the cine loop are divided in parts (segments), and acquired in 8-10 successive cardiac 

cycles (segmented data acquisition). The degree of segmentation defines the temporal 

resolution of the cine loop and the number of cardiac cycles necessary to acquire all data: 

larger segments lower the temporal resolution but reduce the number of required cardiac 

cycles, and vice versa. The breath-hold duration is ultimately defined by the heart rate, and 

averages 8-10 seconds at 60-80 beats/minute, resulting in a high-resolution (average voxel 

size 1.5x1.8x5-6 mm) cine loop with temporal resolution 40-50 ms. The temporal 

resolution should not exceed 50 ms in order to capture the fast wall motion during systole 

and detect wall thickening abnormalities. 

The efficiency of data acquisition can be considerably improved by using parallel 

imaging.8 9 This technique has recently been introduced and is based on undersampling of 

the raw data and subsequent image reconstruction by using the spatial sensitivity profiles of 

the radiofrequency receiver coils. Dependent on coil configuration, scan efficiency may be 

increased up to 4 times, which may be translated into reduced scan time or improved 

resolution, at the small cost of a clinically non-relevant loss in signal-to-noise.10 Even 

higher degrees of acceleration can be accomplished by more advanced undersampling 

methods that exploit the considerable amount of static, redundant information in cine 

imaging.11 12 These so-called k-t methods (undersampling along k-space (the raw MRI data) 

and time) further reduce scan time (to 2-3 seconds per slice), and allow the acquisition of an 

entire 3D data set in one breath-hold as well as 4D (real-time 3D) scanning.13 However, 

they can only be used in combination with cine imaging, and are not yet widely available.13 

Temporal resolution can also be improved by phase sharing, a technique that uses the raw 
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data of adjacent time frames to calculate additional frames.14 The improved resolution can 

be used to reduce acquisition time or to optimize the timing of cardiac events like the 

isovolumetric relaxation time. 

If the heart rhythm is mildly irregular (e.g. infrequent premature ventricular complexes), 

arrhythmia detection tools may still allow retrospective gating by discarding the extra beats 

according to a predefined time window. In more advanced irregularity (e.g. atrial 

fibrillation with continuously changing RR-intervals), prospective gating usually provides 

better results, and will adequately show the systolic phase but with the disadvantage that the 

final part of diastole is not visualized. In patients with poor breath-holding or with 

extremely irregular heart rhythm, real-time imaging is a good alternative. Using the SSFP 

sequence in combination with advanced image acceleration techniques, these now provide 

image quality that approaches the quality of 2D segmented sequences, with an average 

temporal resolution of 50-70 ms and voxel size of 2.9x3.5x8 mm.10 
 

Table 1 Indications CMR cine imaging

Quantitative assessment of left and right ventricular volumes and mass 
Regional left and right ventricular function
Detection of coronary artery disease using high-dose dobutamine stress
Detection of myocardial viability using low-dose dobutamine stress
Infarct-related complications (thrombus, (pseudo-)aneurysm)

 

 

Scan protocol. In a standard left ventricular study, the long axis (4-, 3-, and 2-chamber) 

views are acquired first. These allow a global assessment of left and right ventricular 

function and of the valves (except the pulmonary valve). Using the 4- and 2-chamber view 

for localisation, a continuous stack of (8-10) short axis slices is then planned, with 

acquisition generally every 10 mm, beginning at the base of the heart and covering the 

entire left ventricle (figure 2). This allows a more detailed assessment of regional function 

and the quantification of volumes and mass.  

Quantitative analysis of global volumes and mass. Using dedicated software programs, 

endocardial and epicardial contours are semi-automatically or manually drawn on all short 

axis slices. Trabeculations and papillary muscles are generally excluded for the 

quantification of volumes and wall thickening (figure 3).15 When papillary muscles are well 

defined they may be included for the calculation of left ventricular mass. End-diastolic 

volume, end-systolic volumes, ejection fraction and mass are then calculated using the disk-

area summation method (Simpson’s) and indexed to body surface area or length. With 

experienced technicians, total acquisition and analysis time is less than 15 minutes under 

normal circumstances. The same short axis data set can also be used for the quantification 
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of right ventricular function and mass, which is considerably more challenging because of 

the difficulty in identifying the right ventricular cavity during through-plane motion of the 

base of the heart, the prominent trabeculations and the relative lack of compact 

myocardium in the right ventricle.16 17 An additional right ventricular long axis view is 

often required to facilitate differentiation between right atrium and the basal right ventricle. 

Right ventricular volumes can also be analysed on a transverse set of cines, which has 

higher reproducibility, but results in slightly different values and prolongs examination time 

because left ventricular analysis still requires a short axis set.18 Normal values for global 

indices for both left and right ventricle have recently been updated.17 19  

Quantitative analysis may be influenced by various factors such as the ECG gating 

method (prospective versus retrospective), the sequence type (SSFP versus older gradient-

echo sequences), or the use of real-time imaging or phase sharing.16 Although the 

differences in calculated volumes are generally small and clinically non-relevant, identical 

techniques should therefore be used in comparisons within or between subjects. 

Regional analysis. Regional analysis of left ventricular function is generally done 

qualitatively, using the standard 17-segment model.20 The high quality of the SSFP cine 

images and the reliable detection of endocardial and epicardial borders also allow the 

quantification of regional wall thickening by using the modified centerline method.21 22 This 

method is based on the concept that systolic wall motion and thickening proceed in a 

multicentric fashion rather than directed at a single central point or axis in the left 

ventricular chamber. Systolic wall thickening is calculated as: (segmental end-systolic wall 

thickness – segmental end-diastolic wall thickness)/diastolic wall thickness, and expressed 

as a percentage of end-diastolic wall thickness or in mm’s. Quantification of wall 

thickening is done using the short axis views. The apex is discarded and to translate the data 

into the 16-segment model, generally, one representative short axis slice is chosen for the 

basal, mid and distal position, respectively. Alternatively, data of 2-3 slices can be 

averaged.23 With both methods, information is necessarily lost and, for research, other 

segmentation methods have been described that omit only the (1-2) most basal and most 

distal slices since the left ventricular outflow tract and small diameter preclude reliable 

quantitative analysis at these positions. 

Studies providing the normal range of regional wall thickening are scarce, outdated, and 

used older techniques with inferior image quality and resolution. We recently analyzed the 

cine data of 38 healthy volunteers without cardiovascular risk factors and with normal 

ECG’s using state-of-the-art SSFP cine CMR with retrospective gating (this thesis, chapter 

7). We found a mean myocardial wall thickening of 89±29%, which results in a lower limit 

of normal wall thickening of 30% (defined as mean – 2SD). In line with previous reports, 

we found regional variation in wall thickening, demonstrating higher values in the lateral 
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and inferolateral segments, and lower values in the septum.24-30 Although it is an easy and 

quick quantification tool, the centerline method is challenged by through-plane motion and 

does not take into account myocardial deformation in other than radial directions 

(longitudinal, circumferential, torsion).31 Regional function is therefore ideally quantified 

with CMR myocardial tagging. With this technique, a saturation grid placed in one of 

several possible orientations allows the exact characterization of intramural deformation by 

the calculation of both 2D- and 3D-strain parameters.31 The more advanced tagging 

techniques provide high-temporal resolution images (up to 14 ms), that can also be used to 

assess the fast changes in early diastole.32 33 However, acquisition of these techniques is 

more elaborate, and the know-how and time required for off-line analysis largely limits its 

current use to research. An extensive description is therefore beyond the scope of this 

clinical review. 

 

T2-weighted spin-echo imaging 

The spin-echo sequence is widely used for a large diversity of indications. It provides static 

images with high soft tissue contrast, and, importantly, may be modified to accentuate or 

suppress specific tissue components such as fat, blood, or oedema. Acute coronary 

occlusion leads to intra- and extracellular oedema and causes a prolongation of a tissue-

specific magnetic property, the T2-relaxation time.34 35 On T2-weighted (T2W) spin-echo 

imaging, these regions appear bright, and T2W imaging can therefore be used to visualize 

acutely ischemic regions without the use of contrast agents (figure 4).36 37 T2W imaging can 

also be used to visualize oedema in other (acute) myocardial disease states (table 2). 

Additional prepulses to suppress signal of blood and fat are usually included in T2W 

imaging.38 Optimum image quality is ensured by breath-holding, segmentation of the image 

data over several heartbeats, and diastolic data acquisition.38 

 

Table 2 Indications T2-weighted spinecho imaging

Infarct-related edema
Myocarditis
Transplant rejection

 
 
 

Scan protocol. T2W images should be acquired prior to contrast injection, in the standard 

long axis and short axis views in the same slice position as the cines to allow a side-by-side 

comparison. 
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Analysis. T2W images are generally analysed qualitatively by reporting the segmental 

presence of high signal intensity. The regions can be quantified after thresholding the image 

window setting at a predefined cut-off using the signal intensity of a remote normal region 

(e.g. > mean + 2SD), and expressed in absolute grams or as a percentage of total left 

ventricular mass.39 

 

Contrast-enhanced imaging 

Gadolinium chelates (Gd) are extracellular contrast agents that are administered 

intravenously and distribute rapidly from the intravascular space into the interstitium. 

Clearance from the myocardium is fast under normal circumstances, but may be 

considerably delayed in pathological conditions.40 41 Gd affects the magnetic properties of 

surrounding protons, and special sequences can be used to differentiate between tissues 

with high and low Gd content. Using T1-weighted imaging, tissues with high Gd content 

typically appear bright.42-44 Contrast-enhanced CMR can be used in a variety of cardiac 

conditions, including ischemic heart disease, non-ischemic myocardial disease and (intra-) 

myocardial tumors and thrombi (table 3 and 4).40 41 Gd compounds have always been 

considered very safe in comparison to the potentially more harmful iodine-containing X-ray 

contrast agents. In recent years, however, concern has risen about their safety in patients 

with advanced renal failure because of a possible association with the development of 

nephrogenic systemic fibrosis. Despite the rarity of this disorder, preventive measures are 

now advocated in patients with glomerular filtration rate < 30 ml/min/1.73 m2.45 46 
 

 

Table 3 Indications first-pass myocardial perfusion CMR

Detection of coronary artery disease using adenosine stress
Microvascular obstruction (no-reflow)

 

 

 

Three techniques are used in combination with contrast. MR angiography is an 

important tool in the diagnosis and follow-up of vascular disease and congenital heart 

disease, but it has no specific value in the evaluation of the patient with myocardial 

infarction.47 First pass myocardial perfusion imaging and delayed contrast-enhanced 

imaging will be discussed in the following paragraphs. 
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Table 4 Indications delayed contrast-enhaced CMR

a. Ischemic heart disease

Visualization of acute and chronic myocardial infarction
Quantification of regional and global infarct extent
Microvascular obstruction (no-reflow)
Myocardial viability
Detection of underlying coronary artery disease in patients with congestive heart failure
Differentiation between ischemic and non-ischemic cardiac disease
Intracavitary thrombus

b. Non-ischemic heart disease

Myocarditis
Hypertrophic cardiomyopathy
Dilated cardiomyopathy
Arrhythmogenic right ventricular cardiomyopathy 
Cardiac sarcoidosis
Cardiac amyloidosis
Other secondary cardiomyopathies (e.g. Gaucher, Fabry, hypereosinophilic syndrome)
Intracardiac tumor
Pulmonary hypertension

 

 

 

First pass myocardial perfusion imaging  

First pass (FP) myocardial perfusion imaging can be used to monitor the changes in 

myocardial signal intensity resulting from the (first) passage of a Gd-based contrast agent. 

The signal intensity is directly related to the concentration of the contrast agent, which in 

turn corresponds to regional myocardial perfusion.48 FP imaging can be used to detect 

stress-induced myocardial ischemia in patients with suspected coronary artery disease and 

to visualize areas of microvascular obstruction in patients with acute myocardial infarction 

(table 3).49 50 

Several sequence types can be used, and these are often combined with advanced 

acceleration techniques to improve scan efficiency.51-53 Accurate monitoring of the changes 

in signal intensity is ensured by a single shot mode, which allows the acquisition of one 

entire image per heartbeat at every slice position. The acquisition time of one image is 

approximately 150 (50-200) ms, so that 3-4 slices can be acquired per heartbeat with heart 

rates ≤100/minute. The spatial resolution of FP (2-3 mm in-plane) compares favorably to 

nuclear techniques and allows transmural evaluation of myocardial perfusion.48 Contrast 

dose for optimal myocardial enhancement is 0.1 mmol/kg, injected at 3-7 ml/sec, and 
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followed by a 15 ml saline flush.48 54 Because of non-linearity of the relation between 

contrast dose and signal intensity at higher doses, lower contrast doses (0.025-0.05 

mmol/kg) are generally used when (semi-)quantitative analysis of myocardial perfusion is 

performed. Imaging is started within 5 seconds after contrast injection, and is continued for 

50 heart beats while the patient is asked to hold his breath for as long as possible, and if 

necessary take shallow breaths towards the end. This ensures the acquisition of pre-contrast 

baseline images and the full visualization of contrast passage through the left ventricular 

myocardium. 

Scan protocol. To evaluate regional stress-induced myocardial perfusion defects, images 

are acquired during continuous adenosine infusion. Adenosine is a vasodilator with very 

short half-life (< 10 seconds) that is also used in nuclear perfusion imaging. FP imaging is 

started after 3 minutes of continuous adenosine infusion, with 3 slices acquired every heart 

beat, in basal, mid and apical short axis position (figure 5). The slices are positioned on 

end-systolic long axis views to facilitate exclusion of the left ventricular outflow tract. 

After 10-15 minutes (dependent on contrast dose), a rest series may be acquired to evaluate 

reversibility of the defects, although this can also be assessed with delayed contrast-

enhanced imaging (see below). 

For the assessment of microvascular obstruction in patients with recent myocardial 

infarction, only rest FP images are acquired, and one slice positioned at the infarct core is 

preferably added. Alternatively, since temporal resolution is less crucial for this indication, 

spatial coverage may be doubled by acquiring 6-8 slices over 2 heart beats, with slice 

positions matching the short axis cines. 

Analysis. FP images are usually analysed qualitatively by assessing the enhancement 

pattern using a 16-segment model, discarding the apex that is not visible on the short axis 

views (figure 6). Quantitative FP analysis of perfusion-related parameters and absolute 

perfusion is feasible, but requires modifications of contrast dose and acquisition scheme, 

and complex off-line analysis of the signal-intensity-versus-time curve.55 56 

 

 

 

 

 

 

 

 

 

 

Abbreviations and terms used for delayed contrast-enhanced CMR 
 
DCE CMR  delayed contrast-enhanced CMR 
CE CMR   contrast enhanced CMR 
DE (CMR)  delayed enhancement (CMR) 
LE (CMR)  late enhancement (CMR) 
LGE (CMR)  late gadolinium enhancement (CMR) 
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Delayed contrast-enhanced imaging 

Delayed contrast-enhanced imaging (DCE; see list for other abbreviations and terms used 

in the literature) is used for the detailed visualization of regional myocardial disease (table 

4). Under normal circumstances, the extracellular agent Gd does not enter the myocardial 

cell and is rapidly cleared from the myocardium. Both in acute and chronic myocardial 

infarction, Gd distribution volume is increased and myocardial clearance is delayed.57-62 In 

acute myocardial infarction, the expansion of the extracellular space is caused by 

myocardial cell lysis.57 58 It has been suggested that oedema in the peri-infarct region also 

increases Gd distribution volume, which could cause an overestimation of the actual infarct 

area during contrast-enhanced imaging.63 However, ischemia related tissue oedema leads to 

simultaneous expansion of both the intracellular and the extracellular compartment, which 

does not affect the Gd-mediated change in magnetic tissue properties required for signal 

enhancement.64 In the chronic phase of infarction, Gd distribution volume is increased by 

regional collagenous scar that has replaced the normal myocardial cells.59 Other, non-

ischemic, acute or chronic, congenital or acquired myocardial diseases may also affect 

regional Gd distribution volume and lead to contrast enhancement (table 4).  

Although CMR is capable of detecting ischemic myocardium without the use of 

contrast agents by using T2W imaging, visualization is considerably improved after Gd.65 66 

The high Gd-concentration in infarcted regions was first evaluated with non-breath-hold 

spin-echo sequences.65 67 However, because of long acquisition times, image quality was 

suboptimal and chronic infarcts could not be reliably detected.68-70 A new sequence was 

introduced at the end of the last century which marked a turning point in contrast-enhanced 

CMR imaging.59 A series of experimental studies using in- and ex-vivo scanning provided 

the definitive evidence that DCE imaging was extremely accurate in detecting irreversible 

ischemic damage in any stage of the disease and irrespective of patency of the infarct 

related artery.59 62 71 DCE imaging is now considered the non-invasive reference imaging 

technique for the depiction of both acute and chronic myocardial infarction. 

Contrary to first pass imaging, DCE is postponed until Gd has reached a steady state, 

with image acquisition typically 5-30 minutes after injection of 0.1-0.2 mmol/kg Gd. 

Higher contrast doses (0.2 mmol/kg) provide better contrast-to-noise but the higher blood 

Gd concentration at the time of imaging may interfere with the detection of subendocardial 

infarcts, which can be solved by prolonging the minimum time between contrast injection 

and data acquisition to 10 minutes. DCE uses a breath-hold segmented gradient-echo pulse 

sequence that is designed to effectively suppress the signal of non-infarcted myocardium 

with low Gd concentration by the use of an inversion recovery prepulse.72 The acquisition 

window is placed in diastole to avoid artefacts due to systolic motion. Ultimately, one high-

quality image is generated, with high contrast between the suppressed signal in non-
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infarcted myocardium and the hyperenhanced infarcted regions (figure 7).72 Average in-

plane spatial resolution is 1.5x1.7 mm allowing the transmural evaluation of infarction, and 

a maximum slice thickness of 5-6 mm helps to avoid partial volume effects in the apical 

slices. DCE is typically designed to visualize regional disease, and may have difficulty in 

the detection of diffuse, global heart disease. However, some regional variation is often 

seen, allowing the detection of typical enhancement patterns even in conditions with a more 

diffuse cardiac involvement.41  

DCE imaging is robust and highly reproducible.73 74 The region of hyperenhancement 

does not change between 5 and 30 minutes after contrast injection as long as timing of the 

inversion recovery prepulse (inversion time) is properly adjusted.75 The inversion time is 

influenced by a number of factors such as heart rate, contrast dose and time after contrast 

injection, and with incorrect setting, suppression of the signal of non-injured myocardium 

may be insufficient. Inversion time after 10 minutes is generally around 250 msec, but, with 

ongoing contrast wash-out from non-injured myocardium, it increases to 300-350 msec 

after 20-30 minutes. Most vendors provide inversion time-scouts to estimate the inversion 

time although fine-tuning is often required.76 An alternative reconstruction mode (phase-

sensitive reconstruction) of the inversion recovery data does not require the delicate setting 

of inversion time, and provides a more consistent contrast between infarcted and non-

infarcted regions which does not depend on the inversion time.77  

New sequences are becoming available as alternatives to the standard segmented 

inversion recovery technique. With single shot inversion recovery SSFP imaging, one entire 

image is acquired every heartbeat. Single shot SSFP DCE imaging can even be used 

without ECG-gating and breath-holding, albeit at the price of reduced sensitivity and 

contrast-to-noise.78 3D sequences are also available, with comparable results as the standard 

2D sequence, although with longer breath-hold duration.79 A recently introduced 3D-

sequence with respiratory navigator-gating offered shorter acquisition times with higher 

signal-to-noise and contrast-to-noise and may become the ideal technique in patients not 

capable of reproducible breath-holding.80 Both the single shot and the 3D-sequence require 

adjustments of the inversion time for optimal signal suppression of remote myocardium. 

Scan protocol. Both long and short axis views are acquired in the same slice positions as 

the cines. The imaging protocol should be tailored to the condition of the patient and the 

required clinical information. A detailed exploration of viability is best done with the high 

resolution, segmented sequence. In patients with very irregular heart rates or suboptimal 

breath-holding, or as a quick survey, single shot SSFP DCE imaging is a good and fast 

alternative.  

Analysis. DCE images are assessed side-by-side with the cines. In the clinical setting, 

analysis is mostly done qualitatively, by reporting the visually estimated segmental extent 
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of hyperenhancement (<25%: no/minimal/subendocardial, 25-75% moderate, >75%: 

transmural) in the 17-segment model.  

Using dedicated software, both global and segmental extent of hyperenhancement can 

be quantified. Endocardial and epicardial contours are drawn manually on all short axis 

views. After thresholding the window setting of the images, total infarct size and segmental 

extent are automatically calculated, and expressed in grams or as a percentage of total left 

ventricular mass or segmental area (figure 8). In viability studies, segmental extent of 

hyperenhancement is typically expressed on a 5-point scale: 1 – no hyperenhancement, 2 – 

1-25%, 3 – 26-50%, 4 – 51-75% and 5 – 76-100% hyperenhancement.81  

The size of the hyperenhanced regions is influenced by the image window setting 

(centre and width) that is critically dependent on the observer’s personal preference. 

Although most studies have used a non-standardized, visual threshold setting, 

standardization of analysis is warranted to increase reproducibility and allow reliable 

follow-up studies and comparison between different centres. Simple standardization 

methods use either the (low) signal of a non-enhanced, remote region or the (high) signal of 

the infarcted region. Commonly, hyperenhancement is defined as a number of standard 

deviations above the signal of a normal, remote region. Because of the large difference in 

signal intensity between the hyperenhanced infarcted region and the (purposely) suppressed 

signal of remote myocardium (almost 500%, or 6 SD), defining hyperenhancement with the 

generally accepted cut-off of >2 SD above remote was found to grossly overestimate infarct 

size in comparison to visual thresholding.72 81 82 The full-width-at-half-maximum method 

(FWHM) uses the (50% of the maximum) signal within the hyperenhanced region to define 

hyperenhancement. In an animal model, FWHM better correlated to histological infarct size 

than 1-6 SD above remote.83  

We recently evaluated quantification of DCE in relation to functional outcome after 

revascularization, which is the clinical standard of viability (this thesis, chapter 8).84 Thirty-

eight patients with chronic ischemic myocardial dysfunction were scanned at baseline and 6 

months after revascularization, and hyperenhancement was quantified by thresholding 

window setting at 2-6 SD above mean signal intensity of a remote normal region, and 

according to the FWHM method. Quantification methods had a strong influence on 

segmental extent of hyperenhancement and total infarct size, and multilevel analysis 

showed that thresholding contrast images at 6 SD best predicted segmental functional 

outcome after revascularization, but the difference with other methods was small and non-

significant. The lack of a detectable difference between these quantification methods may 

be explained by the fact that, regardless of the method, the inverse relation between 

outcome and degree of hyperenhancement was always present. One might speculate that, 

although standardization is required for follow-up studies, it may not have major impact on 
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overall predictive value of the techniques. More complex quantification methods have been 

described, but clinical experience is still limited.85 86 Further study is needed to define the 

optimal standardization method and its clinical relevance. 

 

1.3 CMR IN PATIENTS WITH ACUTE MYOCARDIAL INFARCTION  

The following paragraph will address the clinical application of CMR in patients with acute 

myocardial infarction (AMI). A basic protocol in patients after acute myocardial infarction 

includes cine imaging and delayed contrast-enhanced imaging. It allows the evaluation of 

ventricular and valvular function, infarct extent and microvascular obstruction, and can be 

acquired easily within 30 minutes. The protocol may be extended by T2-weighted spin-

echo imaging and first pass imaging for a complete characterization of the ischemic region 

by visualizing infarct related oedema, intramyocardial haemorrhage and (rest) myocardial 

perfusion. The detection of coronary artery disease using high-dose dobutamine stress cine 

CMR or adenosine stress first pass myocardial perfusion imaging is beyond the scope of 

this overview. CMR scanning after AMI is optimally scheduled between 2 and 9 days after 

admission. CMR is a safe technique, even in the first days after percutaneous angioplasty 

and stent implantation.87 88 An artefact related to the stent may be noted but generally does 

not interfere with image analysis. 

 

Function 

Global ventricular function. Left ventricular ejection fraction and end-systolic volume are 

strong predictors of prognosis after AMI.89 Cine CMR is the gold standard for the 

quantification of global left and right ventricular volumes, ejection fraction and mass. The 

high reproducibility of cine CMR ensures the reliable detection of any significant change at 

follow-up, which makes it the ideal and most cost-effective technique for serial evaluation 

in clinical trials.90-92 In successfully reperfused AMI, recovery of stunned myocardium 

often leads to functional improvement after discharge. Contrary, patients who received late 

or no reperfusion therapy are at risk of remodeling. Of interest, the cut-off that is generally 

used to define significant remodeling (an increase in end-diastolic volume ≥20%) is derived 

from left ventricular invasive contrast angiography, which might not be appropriate when 

using cine CMR.93 Current guidelines state that an implantable cardioverter-defibrillator 

device (ICD) is indicated when ejection fraction is <30% (<35% in patients in New York 

Heart Association class II-III) 40 days after the acute event.94 95 The selection of patients for 

this expensive therapy requires a technique that provides this information with the highest 

reproducibility and accuracy possible. In our institution, cine CMR is therefore routinely 

performed in every ICD candidate. 
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Regional function. Although the assessment of regional function does not play a major role 

in risk stratification and prognosis, it may provide the first indication of ischemic heart 

disease by showing subtle wall motion abnormalities in the territory of a coronary artery 

when global volumes and function are still well within normal limits. Right ventricular 

infarction may complicate inferior infarction and may be detected as regional dysfunction 

of the diaphragmatic right ventricular wall on the basal short axis cines. However, global 

function is usually not severely affected, and delayed contrast-enhanced imaging may be 

more sensitive.96 

 

Infarct-related complications 

The large field of view of cine CMR allows the accurate assessment of infarct-related 

complications, such as (pseudo-) aneurysms and pericardial effusion. Mitral regurgitation 

can be detected with cine CMR, and its mechanism can be further evaluated using contrast-

enhanced imaging by showing the infarcted area or papillary muscle involvement. Left 

ventricular thrombi may develop early after infarction and can be seen as low-intermediate 

intensity intracavitary structures that may be difficult to differentiate from myocardium on 

cine images. Thrombi are avascular structures that do not take up contrast and delayed 

contrast-enhanced imaging was shown to be the most sensitive technique for their detection 

(figure 9).97 98 The visualization of thrombi may be optimized by using a longer inversion 

time or an inversion time scout to allow differentiation from non-enhancing myocardial 

regions. 

 

Infarct-related oedema 

The morphological characterization of acute infarctions by unenhanced T2-weighted (T2W) 

imaging allows further insight in the pathophysiology of acute coronary syndromes. The 

reduced cardiomyocyte adenosine triphosphate (ATP) formation that immediately follows 

acute coronary occlusion inhibits Na+/K+-ATPase, and the resulting increased Na+-and Cl--

concentration leads to intracellular oedema.34 Inflammation and changes in endothelial 

permeability further increase myocardial water content. T2W imaging allows the 

visualization of infarct-related oedema without the use of contrast agents, and regions of 

high signal intensity have been demonstrated as early as 24 hours after infarction.36 37 99  

Oedema is typically related to the acute phase and generally disappears between 3 and 

12 weeks after the event and T2W imaging may therefore be used to differentiate new and 

old ischemic disease.88 100 101 Adding T2W imaging to a protocol that already included cine 

imaging, rest first pass perfusion and DE improved the diagnostic accuracy of CMR in 
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patients with suspected acute coronary syndrome by allowing a better distinction between 

new and old ischemic disease.100 T2W imaging can also be used to detect procedure-related 

myocardial injury after percutaneous or surgical revascularization in patients with old 

myocardial infarction. However, at a very early stage (within hours of the event), DE has 

been shown to be more sensitive than T2W imaging.99 

Regional increased myocardial water content and high T2W signal intensity is not 

restricted to acute coronary syndromes but can also be found in other (acute) myocardial 

disease states, like myocarditis, transplant rejection or Tako Tsubo cardiomyopathy.102 103 

The fact that myocardial oedema is one of the earliest manifestations of ischemia and 

occurs prior to the development of definitive, irreversible damage has led to the use of T2W 

imaging to visualize the ischemic area at risk.104 Both experimental and human research has 

shown that the ischemic region on T2W imaging is consistently larger than the infarcted 

region at DCE imaging (figure 10).105 106 In a canine occlusion-reperfusion model, the area 

at risk as measured by microspheres showed good correlation with the T2W hyperintense 

region.107 The possibility of visualizing both the area at risk and the final infarct size in a 

single (CMR) examination would allow the definition of the amount of salvaged 

myocardium in patients with reperfused infarction. This would be the ideal end point in 

studies evaluating new therapeutic strategies to reduce infarct size.108 However, further 

evidence for the relation between area at risk and T2W imaging is needed, and it should be 

noted that the current T2W imaging technique is not robust and prone to artefacts that may 

interfere with diagnostic accuracy.109 In our experience, up to 10-20% of T2W images may 

be of non-diagnostic quality, although new developments may improve its performance.110 

111 In addition, intramyocardial haemorrhage may attenuate the high T2W signal seen in 

acute infarction (see below). Therefore, the exact role of T2W imaging in the assessment of 

a patient with recent (acute) myocardial infarction remains to be established. 

 

Infarct visualization 

Delayed contrast-enhanced (DCE) imaging is the most sensitive technique for the detection 

and visualization of myocardial infarction (figure 11). Regional myocardial injury has been 

demonstrated as early as 1 hour after septal ablation in patients with hypertrophic 

cardiomyopathy, whereas T2W imaging showed regional high signal intensity only after 24 

hours.99 DCE can visualize micro-infarcts related to revascularization procedures and 

detects small subendocardial infarcts that are missed by single photon emission computed 

tomography (figure 11).112 113 Right ventricular involvement in inferior infarction is 

demonstrated with higher accuracy than ECG or echocardiography (figure 12).96  

DCE total infarct size and infarct transmurality are related to time-to-treatment, 

Thrombolysis-In-Myocardial-Infarction (TIMI)-flow, ST-segment resolution and enzymatic 
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infarct size after percutaneous coronary intervention in ST-elevation myocardial 

infarction.114-116 

In line with the wave front theory, regional extent and transmurality of 

hyperenhancement may indicate the pathophysiological mechanism of the infarction. 

Proximal occlusion of a coronary artery followed by timely recanalisation will lead to 

subendocardial hyperenhancement in a relatively large area corresponding to the coronary 

artery distribution (figure 11b), whereas permanent occlusion of a smaller or distal side 

branch that is not accessible to percutaneous revascularization will cause a smaller, 

circumscript but more transmural infarction (figure 11c). 

The location and transmural extent may also be used to differentiate acute coronary 

syndromes from myocarditis, which can closely mimic infarction in clinical presentation, 

enzyme release and ECG.117 118 In its typical form, myocarditis shows subepicardial 

hyperenhancement in the lateral wall or midwall involvement of the septum, contrary to the 

subendocardial or transmural patterns seen in ischemic heart disease (figure 13).119-121 In 

addition, DE may provide prognostic information and may be used to guide myocardial 

biopsy.120 121 Tako Tsubo or stress-related cardiomyopathy mimics acute antero-apical 

infarction, and may show regional high T2W signal intensity related to oedema, but, as a 

rule, does not show hyperenhancement despite extensive functional impairment.122 

Prognosis after acute myocardial infarction is closely related to infarct size. Early after 

acute infarction, functional parameters may overestimate the actual infarct size because of 

myocardial stunning. The incremental prognostic value of DCE was recently demonstrated 

in a study that evaluated 122 patients with ST-elevation myocardial infarction.123 Although 

left ventricular volumes, ejection fraction and total infarct size were all associated with 

outcome, total infarct size was the only predictor at multivariate analysis.  

 

Viability 

Myocardial stunning refers to the prolonged post-ischemic contractile impairment that can 

be seen in acute ischemic syndromes after restoration of flow.124 The likelihood of 

functional recovery of stunned myocardium depends on the degree of irreversible damage, 

and several studies have shown that it is predicted by the segmental extent of 

hyperenhancement (SEH).115 125 126 We evaluated 30 patients after acute myocardial 

infarction and found a strong inverse relation between the likelihood of improvement and 

segmental infarct extent: dysfunctional segments without hyperenhancement were 3, 14 and 

20 more likely to improve than segments with 1-25%, 26-50%, 51-75% and 76-100% 

segmental extent of hyperenhancement, respectively (figure 14)(this thesis, chapter 2).125 In 

this study we used multilevel analysis, which is the statistical method of choice when 

assessing segmental functional changes, since it accounts for the fact that myocardial 
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segments cannot be regarded as independent units but, instead, are related at several levels 

(within patients and within slices).127 Using the transmural infarct extent to predict 

functional outcome also acknowledges the fact that viability is a gradual rather than a 

binary phenomenon. Although the use of a single cut-off to separate viable from non-viable 

facilitates the traditional description of diagnostic accuracy (sensitivity, specificity), it 

underestimates the full potential of DCE imaging. 

Low-dose dobutamine stress (LDDS) echocardiography has been used extensively for 

risk assessment and prediction of functional outcome after acute myocardial infarction.128-

130 Most authors found a positive relation between the presence of viability and a favourable 

outcome, although reports were not unanimous and the major part of the studies stems from 

the thrombolytic era. Several studies have shown that LDDS cine CMR is feasible and 

produces comparable results.131-133 There are no studies comparing LDDS and DCE after 

acute infarction. However, DE imaging is simpler since it requires no stress and is therefore 

the preferred technique in our institution. 

 

Microvascular obstruction 

No-reflow refers to the lack of adequate restoration of flow despite successful 

revascularization of the occluded infarct related epicardial coronary artery.134 135 It is 

characterized by regions of ultrastructural damage to the myocardial microvascular bed 

(reperfusion injury) with severely impaired tissue perfusion. Although the exact 

pathophysiology underlying no-reflow is incompletely understood, both ischemia and 

reperfusion are considered to be involved, and potential mechanisms include ischemia 

related endothelial damage, mechanical capillary plugging by platelets, erythrocytes or 

leukocytes, micro-embolization of atherosclerotic debris and compression by extravascular 

oedema.135 No-reflow can be detected after angioplasty by assessing coronary flow 

according to the TIMI-classification or the TIMI-frame count, the Doppler intra-coronary 

flow pattern, the myocardial blush grade and by assessing electrocardiographic resolution 

of ST-segment elevation in the first 60-90 minutes after revascularization. The tissue 

equivalent of no-reflow is termed microvascular obstruction (MVO) or microvascular 

injury, which can be directly visualized with contrast-echocardiography, contrast-enhanced 

CMR or nuclear scintigraphic techniques. 

Experimental studies using contrast-enhanced CMR have demonstrated that regions that 

are hypo-enhanced in the first 2 minutes after contrast injection correspond to no-reflow 

regions as defined by thioflavin S staining, and are characterized by severely impaired 

microsphere myocardial blood flow.57 Serial contrast-enhanced CMR has been used to 

evaluate the dynamic nature of MVO and its close relation to reperfusion. Very early after 

reperfusion, blood flow is high, even in thioflavine S-negative (no-reflow) areas, but this is 
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followed by a progressive decrease in flow and an increase in size of MVO up to 3-fold 

during the first 48 hours after reperfusion.136 MVO extent subsequently remains stable 

between 2 and 9 days after reperfusion, which is therefore considered the optimal window 

to detect and quantify MVO.137  

Although these studies all provided insight into the mechanism and pathophysiology of 

acute myocardial infarction and MVO, current contrast-enhanced sequences may be more 

sensitive in the detection of MVO. Both dynamic first-pass imaging and steady state DCE 

imaging can be used to visualize MVO. First-pass images reflect myocardial perfusion, 

which is profoundly impaired in MVO and therefore results in hypo-enhanced regions of 

varying transmurality (figure 15).138 Signal intensity continues to change in the first 5-10 

minutes after contrast injection. Normal regions show a quick increase in signal intensity 

within 1 minute followed by a gradual decline.57 Signal intensity in infarcted regions shows 

the same increase as in normal regions, but it continues to increase up to 5 minutes, 

remaining high for at least 30 minutes and resulting in the hyperenhancement typical for 

infarction (‘bright is dead’).57 75 The injury in the MVO region is not homogeneous, and 

gadolinium continues to diffuse slowly into areas with less profound damage.125 With 

subsequent delayed contrast-enhanced imaging, acquired 10-15 minutes after contrast 

injection, MVO can then be detected as (persistent) areas of hypo-enhancement, often with 

a patchy, heterogeneous character and located central and mostly subendocardial, but 

always spatially confined within the hyperenhanced, infarcted zone (figure 15).116 125 

Although infarct size remains unchanged on DCE images between 5 and 30 minutes after 

contrast injection, MVO size changes by on-going Gd-diffusion up to 45 minutes after 

injection (figure 15). MVO is typically related to the acute phase, and myocardial perfusion 

generally improves at follow-up although impaired perfusion may persist in some regions 

with the most severe microvascular damage.138-140 

First-pass imaging is the most sensitive technique, and current sequences detect MVO 

in 65-87% of patients with reperfused acute myocardial infarction.49 141 142 A recent study 

used semi-quantitative analysis of the first pass images and found impaired contrast wash-

in in 19 of 20 patients.138 There is high concordance between the presence of MVO on first 

pass and DCE images, although it follows from the gadolinium kinetics that prevalence at 

DCE imaging is lower with a reported 28-58%.49 140 141 143  

Several studies using a variety of techniques have shown that MVO is a major 

prognostic factor after reperfused acute myocardial infarction.114 140 144-147 We recently 

compared the prognostic value of first pass (early MVO) and DCE (persistent MVO, infarct 

size, infarct transmurality) to TIMI flow grade, myocardial blush grade and ST-segment 

resolution in a group of 60 patients with optimal treatment for AMI including primary 

percutaneous coronary intervention plus stenting, triple platelet inhibition (aspirin, 
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clopidogrel, abciximab), heparin and statins (this thesis, chapter 3).49 Despite this optimal 

treatment, MVO was found in the majority of the patients: early MVO was found in 41 

(68%) patients, and late MVO was found in 34 (57%) patients. Both early and late MVO 

were related to incomplete ST-resolution, but not to TIMI grade or myocardial blush grade. 

In a direct comparison between all parameters, late MVO was the most powerful predictor 

of left ventricular functional outcome. In addition, late MVO had diagnostic value beyond 

infarct transmurality for the prediction of regional outcome. Thus, although DCE imaging 

is less sensitive for the detection of MVO, it appears to have greater clinical significance. 

Contrast-echocardiography may also be used to visualize microvascular damage. In a 

recent study, contrast-echocardiography proved a better predictor of remodeling than 

angiographic and electrocardiographic parameters.148 A previous experimental study 

showed a fair correlation between both techniques, but they have not yet been compared in 

the clinical setting.137 

DCE imaging may be the ideal technique to evaluate new strategies to reduce 

reperfusion injury. MVO can be quantified and expressed as absolute quantity or as a 

percentage of total infarct mass. For the quantification and comparison of MVO extent, a 

strict methodology is essential with respect to the time between contrast injection and data 

acquisition, because the MVO area may shrink with time due to on-going contrast wash-in. 

 

Intramyocardial haemorrhage 

The endothelial disruption that accompanies microvascular injury may lead to extravasation 

of eryhtrocytes and intramyocardial haemorrhage.149 Myocardial haemorrhage was rare in 

the pre-reperfusion era, and it is considered to be closely related to the (microvascular) 

ischemia-reperfusion injury cascade.150 151 CMR is the only non-invasive technique that 

allows the visualization of haemorrhage because hemoglobin breakdown products alter 

regional magnetic tissue properties.152 Both T2*(‘star’)-weighted gradient-echo imaging 

and T2W imaging have been used to visualize haemorrhage, but T2W spin-echo imaging is 

the preferred technique because it also visualizes infarct related oedema.150 152 Signal 

intensity in acute infarction is normally increased on T2W images but it is attenuated by the 

presence of haemorrhage, which results in a patchy appearance or an averaged low to 

intermediate signal intensity especially at the core of the infarct (figure 16).151 The T2W 

signal attenuation by haemorrhage has been validated in experimental models and, in a 

recent case report, by using ex-vivo imaging in two patients that died after recent acute 

myocardial infarction.151 154  

To assess the relation between haemorrhage and MVO and their clinical significance, 

we recently evaluated 45 patients after primary angioplasty for first acute myocardial 

infarction (this thesis, chapter 4).155 Attenuated T2W signal was found in 22 of 29 patients 
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with MVO whereas homogenous (non-attenuated) signal was found in the 16 patients 

without MVO. Contrast-to-noise ratio between the attenuated T2W infarct core signal and 

the high signal in the infarct periphery was closely related to infarct size, MVO and ejection 

fraction both at baseline and at follow-up. However, haemorrhage did not have clinical 

significance beyond MVO since, in a multivariable analysis, only baseline ejection fraction 

and MVO were predictive of functional changes at follow-up.  

CMR may thus provide additional insight in the pathophysiological changes after 

myocardial infarction and reperfusion. However, the significance of these findings is not 

yet clear and further study is needed to explore the relation of reperfusion-related 

haemorrhage to infarction, microvascular obstruction and clinical outcome. 

 

1.4 CMR IN PATIENTS WITH ISCHEMIC CARDIOMYOPATHY AND  CHRONIC 

MYOCARDIAL INFARCTION  

This part will address the use of CMR in the chronic phase of infarction, focusing on 

patients with ischemic cardiomyopathy or (suspected) prior infarction. A basic imaging 

protocol in patients with ischemic cardiomyopathy or (suspected) old myocardial infarction 

includes cine imaging for the assessment of ventricular and valvular function, and delayed 

contrast-enhanced (DCE) imaging for the assessment of regional scar and viability. If a 

detailed evaluation of myocardial viability is required it is recommended to acquire the 

cines prior to contrast injection to achieve optimal contrast between blood and 

endocardium, with a total examination time of less than 30 minutes. If less detail is 

required, contrast can be given prior to the start of the exam, which reduces examination 

time to less than 20 minutes. If presence and distribution of scar is the only clinical 

question, single shot DCE imaging may provide the answer within 5 minutes. Low dose 

dobutamine cine is good alternative method to assess viability in patients with (relative) 

contra-indications to gadolinium-based contrast agents, e.g. in advanced renal failure. 

Depending on the clinical situation, adenosine first-pass imaging or high-dose dobutamine 

stress cine can be added to detect ischemia related perfusion defects or wall motion 

abnormalities, respectively. An extensive description of these techniques is beyond the 

scope of this review. 

 

Function 

Global ventricular function. Global left ventricular function strongly influences prognosis 

and management and its assessment is an essential part of the work-up in a patient with 

prior myocardial infarction. As in acute infarction, the selection of candidates for 

implantable cardioverter-defibrillator or cardiac resynchronization devices heavily relies on 
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left ventricular ejection fraction. Cine imaging ensures the quantification of global function 

with the highest reproducibility and accuracy possible, thus avoiding both unnecessary 

implantations and deaths. 

Right ventricular dysfunction is a well-known risk factor of adverse outcome in patients 

with ischemic heart disease.156 Quantified with cine CMR and defined as ejection fraction 

<40%, it was a significant predictor of mortality in a group of 147 patients with prior (>30 

days) myocardial infarction, and remained so after adjustment for age, infarct size and left 

ventricular ejection fraction.157 Only 16% of the patients with right ventricular dysfunction 

had right ventricular hyperenhancement, suggesting that other than ischemic mechanisms 

play a role in its pathogenesis.157 

Regional function. The high-resolution SSFP cine sequence allows the detailed evaluation 

of regional wall thickness and thickening. Chronic scarring leads to regional thinning which 

may be extreme in remodeled ventricles (<4 mm). Decreased end-diastolic wall thickness is 

one of the parameters that can be used in the evaluation of myocardial viability (see below). 

 

Infarct-related complications 

The unrestricted access to the heart and the chest allows the full assessment of severely 

deformed and remodeled ventricles or (pseudo-)aneurysms prior to reconstructive surgery 

(figure 17).158 Cine imaging is generally sufficient to show the deformation in detail and 

also provides geometric information on mitral annular size and papillary muscles which 

may play a role in the pre-operative evaluation of functional mitral regurgitation.158 

Delayed contrast-enhanced (DCE) imaging may help to diagnose and delineate (pseudo-

)aneurysms by highlighting the borders of the scarred region and is highly sensitive for the 

detection of left ventricular thrombi, both in the acute and the chronic phase of infarction 

(fig 17; also see 1.3 Infarct-related complications). 

Regional low signal intensity may be seen within chronically infarcted regions on SSFP 

cines (figure 18). These correspond to lipomatous metaplasia, which refers to the 

transformation of fibrotic scars into fat. Although fat normally has high signal intensity on 

SSFP images, the intravoxel presence of myocytes and fat may cause phase cancellation 

and signal loss. T1-weighted spinecho imaging with and without fat-suppression, or 

inversion recovery imaging (DCE) befóre contrast injection (with adjusted inversion time) 

can be used to confirm this diagnosis (figure 18).159 160 The clinical significance of this 

finding that may also be detected with CT is unknown, although an association with 

remodeling and aneurysm formation has been suggested.161 
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Infarct visualization 

DCE CMR can be considered the current gold standard for in-vivo infarct visualization at 

every stage of myocardial infarction. Serial DCE imaging has shown that infarct size 

decreases by 19-31% in the first months after the acute event (figure 19).59 116 162 Infarct 

regression is the result from the healing process and the replacement of inflammation, 

haemorrhage, oedema and necrotic myocytes by collagenous scar.163 It is more pronounced 

in patients with larger infarct size and microvascular obstruction, and in patients with 

remodeling at follow-up.164  

Chronic myocardial infarction is depicted as regional areas of hyperenhancement of 

varying extent, ranging from small and subendocardial with preserved wall thickness to 

completely transmural with advanced wall thinning (figures 11,12). Often, several degrees 

of transmural extent can be found within one infarction, and the enhancement pattern may 

be irregular and patchy in patients with chronic coronary artery disease and a history of 

multiple infarctions or revascularizations (figure 20). Not surprisingly, ECG-markers of 

transmurality (Q-, non-Q-wave) are poorly related to the actual extent of 

hyperenhancement.165 Q-waves have low sensitivity for the detection of chronic infarction, 

especially of the (infero-)lateral wall, and their presence reflect the total size of the infarct 

rather than infarct transmurality.166 When Q-waves are present, their location correlates 

well with the distribution according to DCE.167 

The high sensitivity of DCE for the detection of chronic scar facilitates the non-invasive 

diagnosis of unsuspected or previously non-diagnosed coronary artery disease.168 Although 

regional hyperenhancement per se is not specific for ischemic heart disease, location and 

extent generally allow the reliable differentiation from non-ischemic myocardial disease.169 

Ischemic scar has a transmural or subendocardial distribution, whereas non-ischemic 

disease can be found in the supepicardial or mid part of the left ventricular wall, outside the 

usual coronary artery territories. 

Several studies have now shown that regional scar is strongly related to outcome and 

has prognostic value beyond global volumes and ejection fraction as well as other, 

commonly used clinical markers.170-172 The size of the scarred region might be less relevant 

in terms of prognosis than its presence. One study evaluated 195 patients without known 

prior MI but with known or suspected coronary artery disease, and found that the presence 

of any hyperenhancement was the strongest multivariable predictor of major adverse 

cardiovascular endpoints during a 16 months follow-up period.170 

In addition to presence, transmural extent and total size of the hyperenhanced region, 

recent studies have focused on the heterogeneity of signal in the infarct and its direct border 

zone.173 174 DCE can visualize and quantify this ‘peri-infarct’ or ‘grey’ zone, which is 

thought to represent a mixture of viable myocytes and collagen fibers and a potential 
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substrate of ventricular arrhythmia (figure 21). The extent of tissue heterogeneity has been 

related to mortality and increased inducibility of ventricular arrhythmia in patients with 

previous myocardial infarction.173 174 Also, papillary muscles with heterogeneous contrast 

uptake have been suggested as a possible origin of ventricular arrhythmia in patients with 

old myocardial infarction.175 However, a uniform approach to the assessment of signal 

heterogeneity on DCE images is lacking and further study is needed to define its 

significance. 

 

Viability 

There is general agreement that patients with ischemic cardiomyopathy (defined as ejection 

fraction <40% with evidence of prior infarction or hibernation, and ≥2-vessel coronary 

artery disease) should undergo revascularization if there is significant potential for recovery 

of function.176 177 CMR has several ways to assess the presence of viability in dysfunctional 

myocardium: morphological evaluation of end-diastolic wall thickness (EDWT) using cine 

imaging; functional evaluation of inotropic reserve using low-dose dobutamine stress cine 

imaging; evaluation of myocyte integrity and regional scar by DCE imaging. Although first 

pass perfusion imaging may be used to demonstrate impaired resting blood flow in 

hibernating myocardium, it is not used for the prediction of functional outcome and is 

therefore not routinely included in the CMR imaging protocol of myocardial viability.178 

 

End-diastolic wall thickness 

Both echocardiographic and CMR studies have demonstrated a low likelihood of functional 

recovery after successful revascularization in segments with chronically scarred, thinned 

myocardium.179-181 Using cine CMR imaging, it was shown that segmental EDWT <5.5 mm 

(based on a mean – 2.5 SD in normal individuals) had a 92% sensitivity and a 56% 

specificity for the prediction of functional improvement.179 Echocardiographic studies have 

used similar cut-offs with comparable results, confirming the high negative predictive value 

of EDWT, with <6mm virtually excluding functional recovery.181 However, current SSFP 

cine sequences allow a considerably better delineation of the blood-endocardial and 

epicardial border. We recently evaluated 36 healthy volunteers and found a mean (SD) 

EDWT of 5.2 (1.3) mm, which illustrates the need for a new (and lower) cut-off to identify 

chronic scar (this thesis, chapter 5). Further more, we have seen on several occasions that 

wall thinning, even when extreme, did not preclude functional recovery, as long as there 

was no or minimal regional scarring at DCE imaging (figure 22). Although extensive 

literature data are lacking, others have reported similar findings, which is why we currently 

consider severely thinned (<4 mm) segments viable if there is no or minimal 

hyperenhancement.182 



 34 

Low-dose dobutamine stress cine 

Low-dose dobutamine (LDDS) (5-10 µg/kg/min) can be used to assess the contractile 

reserve of dysfunctional but viable myocardium, and its clinical use has been demonstrated 

in a large number of studies using both echocardiography and cine CMR.183 184 A positive 

response (detectable increase in wall motion or thickening) requires both a significant 

amount of intact myofibrillar units as well as sufficient perfusion reserve, which is why 

LDDS techniques typically have lower sensitivity but higher specificity when compared to 

other (nuclear) techniques.185 

 

Delayed contrast-enhanced imaging 

The use of DCE in viability assessment has several advantages compared to other 

techniques.  DCE offers superior spatial resolution (1-2 mm in-plane, slice thickness 4-6 

mm) and high contrast between hyperenhanced scarred regions and non-enhanced viable 

regions. This allows the transmural evaluation of scar even in segments with marked wall 

thinning. DCE CMR is quick, reproducible and robust, and safer and less dependent on 

technician and observer skills than dobutamine stress imaging. Finally, it is the only 

technique that provides side-by-side visualization of viable and non-viable parts. Thus, it 

allows the assessment of viability as a gradual rather than a binary (present – non-present) 

phenomenon. 

Functional improvement after revascularization. Kim et al were the first to show that the 

transmural extent of scar strongly predicted functional outcome after revascularization.81 

The likelihood of segmental functional recovery was inversely related to the segmental 

extent of hyperenhancement (SEH): 78% of dysfunctional segments without 

hyperenhancement improved, whereas only one segment with >75% hyperenhancement 

improved. Using a cut-off value of ≤ 25% SEH to define viability, positive and negative 

predictive values were 71% and 79% for segments with any baseline dysfunction, and 88% 

and 89% for segments with akinesia or dyskinesia. Further more, the total number of viable 

segments was strongly related to the degree of improvement of left ventricular ejection 

fraction. Other studies have since then confirmed the potential of DCE in viability 

assessment, although the total amount of evidence is still limited compared to other 

techniques.23 186-193  

Comparison to other techniques. Several studies have shown that DCE has good correlation 

with 18F fluorodeoxyglucose positron emission tomography (FDG PET) which has since 

long been the reference imaging standard of viability.194 195 In 26 patients with chronic 

ischemic cardiomyopathy, we showed that SEH was 9±14, 33±25 and 80±23% in severely 

dysfunctional segments with normal FDG uptake/perfusion, FDG/perfusion mismatch and 

matched defects, respectively (this thesis, chapter 5).195 A cut-off value of 37% SEH 
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predicted PET viability with sensitivity 96% and specificity 84%. Two studies so far have 

compared FDG PET and DCE to the clinical reference standard functional outcome after 

revascularization.191 193 Both found comparable overall diagnostic accuracy, with one 

suggesting a higher negative predictive accuracy for FDG PET and the other for DCE at a 

17 days and 6 months follow-up period, respectively. Knuesel et al postulated that 

functional improvement would only occur if a residual viable rim of sufficient wall 

thickness was present.190 Both DCE and FDG PET were acquired in 10 patients with 

ischemic cardiomyopathy. After 11 months, 85% of dysfunctional segments with both a 

thick viable rim (defined as >4.5 mm) and preserved FDG-uptake improved, whereas all 

other segments (including thin segments with preserved FDG uptake and thick 

metabolically non-viable segments) had low improvement rates. However, the number of 

patients in this study was low, and, as stated above, wall thickness may be less relevant if 

there is no or little hyperenhancement (figure 22). 

Although the ease, the robustness and the safety of DCE imaging strongly favour its use 

over LDDS cine imaging, two studies have recently suggested that adding LDDS cine 

imaging to the protocol might increase the prediction of functional improvement in 

segments with intermediate ranges of segmental extent of hyperenhancement (1-75%).189 192 

However, the differences were only small and further study is needed to resolve this issue. 

Lack of improvement despite viability. The use of DCE imaging may help to understand 

why left ventricular function does not always improve after revascularization despite the 

presence of viability. First, its high spatial resolution allows the identification of 

subendocardial scar, which may preclude functional improvement despite subepicardial 

viability. Second, DCE imaging may help to identify new, clinically undetected areas of 

necrosis between the baseline study and the follow-up study. Procedure-related myocardial 

necrosis may be substantial and has been shown an important negative predictor of 

functional outcome.186 Finally, the timing of the follow-up study to assess recovery of 

function may play an important role. We recently reported on the relation between long-

term functional outcome after revascularization and baseline segmental extent of 

hyperenhancement (this thesis, chapter 6).23 Thirty-five patients with ischemic 

cardiomyopathy (ejection fraction 39±11%) underwent cine and DCE imaging 1 month 

before and 3, 6 and 24±12 months after revascularization. Throughout the entire study 

period, likelihood of improvement was strongly and inversely related to SEH (figure 23). 

Interestingly, segments from all SEH groups continued to improve throughout the whole 

study and, at the end of the study period, improvement rate was higher than previously 

reported in all SEH groups except in the 76-100% SEH. For example, at 3 months, 56% of 

segments without hyperenhancement had improved, which is relatively low compared to 

Kim et al.81 At long-term follow-up however, practically all (93%) had improved, and 
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segments with 1-25, 26-50, 51-75 and 76-100% SEH were 2, 5, 11 and 86 times less likely 

to improve (multilevel analysis, p<0.001). The time course of improvement was 

considerably more delayed in segments with more extensive hyperenhancement at baseline 

(multilevel analysis, p<0.001) (figure 23). These results demonstrate that DCE imaging 

strongly predicts functional outcome even at long-term follow-up, that the time course of 

improvement may be considerably delayed, and that both likelihood and time course are 

related to the baseline amount of scar. The delayed time course suggests that long follow-up 

periods may be required to assess the full potential of recovery of dysfunctional but viable 

myocardium. 

 

Device therapy 

CMR cine imaging is the current gold standard for the quantification of ventricular 

function, which is the critical step in the selection of patients for implantable cardioverter-

defibrillator (ICD) or cardiac resynchronisation therapy (CRT). The timing of ICD 

implantation may be difficult in patients with significant viability who have undergone 

revascularisation, since functional recovery may be considerably delayed.  

Significant mechanical dyssynchronous contraction between the septal and the lateral 

wall is usually easily recognised on a regular 4-chamber or midventricular short axis SSFP 

cine. MRI tagging allows the detailed 3D-assessment of intramural deformation including 

strain, velocity and torsion. Although myocardial tagging is the ideal technique to assess the 

process of mechanical dyssynchrony, its current use is largely limited to research because 

postprocessing requires considerable know-how and is still relatively time consuming. 

Several quantitative measures of dyssynchrony have recently been proposed for both (plain) 

SSFP cine imaging as well as for myocardial tagging, all awaiting further clinical 

validation. 196 197 

DCE imaging may be of value in the selection of CRT candidates by identifying 

potential non-responders by demonstrating regional transmural scar in the posterolateral 

segments or a large amount of total scar.198 199 Signal heterogeneity in the infarct zone may 

identify patients at increased risk of ventricular arrhythmia, however, as mentioned above, 

it is currently not clear whether these patients would benefit from a more aggressive 

approach and early ICD-implantation (see also Infarct visualization).173 174 
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Figure 1. End-diastolic (a,c) and end-systolic (b,d) still-frames acquired with steady state free precession cine 
sequence in 4-chamber (a,b) and midventricular short-axis (c,d) position. 
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Figure 2. End-diastolic 4-chamber (a) and 2-chamber (b) still-frames showing the position of the short axis stack. 
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Figure 3. Left ventricular epicardial, endocardial and right ventricular endocardial contours on end-diastolic (a) 
and end-systolic (b) still-frames. 
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Figure 4. Four-chamber (a) and short axis (b) view acquired with dark-blood, T2-weighted spinecho imaging with 
fat-suppression in a patient with 5-day old reperfused anteroseptal myocardial infarction. 
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Figure 5. End-systolic 4-chamber still-frame showing the basal (b), mid (m) and distal (d) short axis position 
during first pass myocardial perfusion imaging and position of the 3 slices in relation to the QRS-complex. 
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Figure 6. First pass myocardial perfusion imaging. Still-frames in midventricular position showing contrast arrival 
in the right ventricle (a, arrow), left ventricle (b, dashed arrow) and myocardium during adenosine stress (c) and 
rest (d). A reversible perfusion defect is visible in the subendocardial inferior wall and the posterior papillary 
muscle (marker). 
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Figure 7. Delayed-contrast-enhanced images showing subendocardial infarction of the inferior and inferolateral 
wall in the 3-chamber view (a) and in a midventricular (b) and distal (c) short axis view. 
 
 
 
 

           
 
Figure 8. Delayed-contrast-enhanced imaging: segmental extent of hyperenhancement. 
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Figure 9. Four-chamber and short axis delayed-contrast-enhanced views (a,b) in a patient with 4-day old 
reperfused antero-apical infarction, showing transmural hyperenhancement with extensive microvascular 
obstruction (marker) and a large left ventricular thrombus (arrow). A short axis cine still frame (c) shows the low-
intermediate signal intensity of the thrombus in comparison to the intermediate myocardial signal. 
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Figure 10. Infarct-related oedema versus infarct size. The upper images show subendocardial anteroseptal 
infarction (b) with infarct-related oedema (a) that extends beyond the borders of the hyperenhanced area. Lower 
images show transmural inferolateral infarction (d) with infarct-related oedema (c) that matches the infarct area. 
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Figure 11. Visualization of infarction using delayed-contrast-enhanced imaging: a. minimal myocardial injury in 
distal inferior wall after elective percutaneous coronary intervention, b. subendocardial inferolateral infarction, c. 
limited transmural septal infarction with coronary angiography showing occluded first septal branch, d. 
inferolateral infarction with wall thinning and largely transmural hyperenhancement. 
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Figure 12. Visualization of infarction using delayed-contrast-enhanced imaging: 2-chamber view (a) and short 
axis (b) view showing inferolateral infarction (white markers) with right ventricular involvement (black marker). 
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Figure 13. Hyperenhancement in myocarditis. Midventricular short axis showing midwall hyperenhancement in 
the septum and subepicardial hyperenhancement in the inferior wall in a 40-year old patient presenting with 
typical chest pain, positive Troponin-T, normal ECG and normal coronary arteries. 
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Figure 14. Segmental extent of hyperenhancement versus likelihood of functional recovery 3 months after acute 
myocardial infarction. Reprinted with permission (ref. 123). 



 43 

a

c d

ba

c d

b

 
 
Figure 15. Microvascular obstruction (marker) in a patient with 4-day old reperfused anterior infarction, as seen 
on midventricular first pass image (a) and on delayed contrast-enhanced images 10 (b,c) and 30 minutes (d) after 
contrast injection. 
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Figure 16. Intramyocardial haemorrhage (white marker) is seen as a central region of low signal within the region 
of high signal of infarct-related oedema on the T2-weighted spinecho image (a). The corresponding delayed 
contrast-enhanced image (b) shows a small central hypo-intense region (black marker) corresponding to 
microvascular obstruction. 
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Figure 17. End-diastolic (a) and end-systolic (b) still-frames showing a severely deformed left ventricle with 
massive aneurysm after inferolateral myocardial infarction. The delayed contrast-enhanced image (c) shows the 
exact definition of the border between scar and healthy myocardium, as well as 2 small thombi (arrows). 
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Figure 18. Short axis view in a patient with old anteroseptal infarction. Lipomatous metaplasia (markers) leads to 
phase cancellation and signal loss in SSFP cine imaging (a), regional high signal intensity in T1-weighted 
spinecho imaging (b) and very low signal in T2-weighted spinecho imaging with fat suppression (c). See also 
subcutaneous fat (arrows). 
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Figure 19. Three-chamber delayed contrast-enhanced view in a patient with anteroseptal infarction acquired 4 
days (a) and 4 months (b) after reperfusion, showing infarct regression and disappearance of microvascular 
obstruction. 
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Figure 20. Relatively smooth subendocardial hyperenhancement in a patient with 6-day old reperfused 
inferolateral infarction (a) and irregularly shaped and patchy enhancement in a patient with a history of coronary 
artery bypass grafting but no history of infarction (b). 
 
 
 
 
 
 

 
 
Figure 21. The ‘grey’ zone. Midventricular short axis view in a patient with old anteroseptal infarction showing 
an intensely bright subendocardial zone (marker) surrounded by a more patchy midwall and subendocardial 
enhancement (arrows). 
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Figure 22. Prediction of functional recovery in a patient presenting with heart failure and proximally occluded left 
anterior descending artery 1 year after percutaneous angioplasty and stenting. End-diastolic still-frame (a) and end-
systolic still-frame (b) in 2-chamber view show marked wall thinning and lack of wall thickening (markers). 
Delayed contrast-enhanced imaging showed no hyperenhancement (c,d). Follow-up cine 6 months after re-
intervention showed normal wall thickness and full recovery of wall thickening with an increase in ejection 
fraction fraction from 39% to 61%. 
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Figure 23. Delayed contrast-enhanced imaging: viability. Reprinted with permission (ref 23). 
a. Likelihood of functional improvement after revascularisation in relation to baseline segmental extent of 
hyperenhancement (SEH), expressed as a percentage of total number of dysfunctional segments, at 3 months 
(black bars), 6 months (striped bars) and 2 years (white bars) follow-up. All dysfunctional segments are included 
(n=258). 
b. Time course of regional functional improvement in relation to baseline SEH, shown as the relative percentage 
of improvement at 3 months (black bars), 6 months (striped bars) and 2 years (white bars) follow-up. Only 
segments with functional improvement are included (n=159). 
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ABSTRACT 

Objectives. We evaluated whether delayed contrast enhanced magnetic resonance imaging 

(DCE-MRI) using an extracellular contrast agent could predict improvement of 

dysfunctional but viable myocardium after acute reperfused myocardial infarction (MI). 

Background. The transmural extent of hyperenhancement at DCE-MRI has been related to 

improvement of function in reperfused myocardial infarction. However, evidence is still 

limited and earlier reports have produced conflicting results regarding the significance of 

contrast patterns after infarction. 

Methods. Thirty patients (mean age 59±11 years, 27 males) underwent cine MRI and DCE-

MRI 7±3 days after a first reperfused acute MI and follow-up cine MRI at 13±3 weeks. 

Segmental wall thickening and segmental extent of hyperenhancement were scored in 1689 

segments. 

Results. Of 500 dysfunctional segments, 273 (55%) improved at follow-up. There was no 

difference in likelihood of improvement or complete functional recovery between segments 

with 0 and 1-25% hyperenhancement. The likelihood of improvement of segments without 

hyperenhancement was 2.9, 14.3 and 20 times higher than that of segments with 26-50%, 

51-75% and >75% hyperenhancement, respectively (p<0.001). The likelihood of complete 

functional recovery of segments without hyperenhancement was 3.8, 11.1 and 50 times 

higher than that of segments with 26-50%, 51-75% and >75% hyperenhancement, 

respectively (p<0.001).  

Conclusions. In patients with recent reperfused MI, functional improvement of stunned 

myocardium is predicted by delayed contrast enhanced MRI. 
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INTRODUCTION 

The recognition of stunned myocardium early after acute myocardial infarction has 

important prognostic and therapeutic implications(1). Using low-dose dobutamine 

echocardiography and 18F-fluorodeoxyglucose-positron emission tomography a subgroup of 

patients with residual myocardial viability has been identified that is at high risk for future 

clinical events(2;3). Contrast-enhanced magnetic resonance imaging (MRI) using an 

extracellular contrast agent like gadolinium-diethylenetriamine pentaacetic acid (Gd-

DTPA) has been applied extensively for the evaluation of myocardial injury after acute 

myocardial infarction(4-11). In a recent series of studies using canine infarction models, it 

has been shown that hyperenhancement on T1-weighted delayed contrast-enhanced (DCE-

)MRI (originally described as images acquired more than 10 minutes after contrast 

injection) only occurred in necrotic, irreversibly injured myocardium, irrespective of the 

age of the infarct(12,13). The high signal intensity is related to a regional increased 

concentration of the contrast agent, most likely caused by ischemia-related changes in 

volume of distribution and contrast-kinetics (14-16). The regional extent of 

hyperenhancement has been shown to predict functional improvement of stunned 

myocardium, both in a canine model and recently also in patients with reperfused 

myocardial infarction(10,11,17). However, evidence is still limited and earlier reports have 

produced conflicting results on the significance of contrast patterns after myocardial 

infarction. Several investigators have demonstrated that the hyperenhanced region 

overestimates the actual necrotic region, and that it contains residual viable myocardium 

that may recover function when adequately reperfused(8,18,19). Comparison between these 

studies is hampered by considerable methodological differences, including the MRI 

technique that was used, the contrast dose, and the clinical or experimental setting. The 

current standard DCE-MRI technique combines optimal image quality, high spatial 

resolution and contrast-to-noise, and is a promising tool for the transmural evaluation of 

myocardial viability(10,11,20). We therefore conducted a prospective study to evaluate the 

role of this DCE-MRI technique in the prediction of functional improvement in patients 

with first acute myocardial infarction.  

 

METHODS 

Patient population. Patients were eligible for the study if admitted with first acute 

myocardial infarction according to standard electrocardiogram (ECG) and enzymatic 

criteria. Only patients with direct (coronary catheterization, TIMI (Thrombolysis In 

Myocardial Infarction) flow grade 3 in the infarct related artery) or indirect (rapid decrease 

of symptoms and more than fifty % resolution of ST-elevation on ECG, either during or 
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after thrombolytic therapy or spontaneous) evidence of successful reperfusion were 

included. Exclusion criteria were hemodynamic instability, failure to give informed consent 

or any relative or absolute contra-indication for MRI. The study is part of a larger project 

evaluating the current role of contrast-enhanced MRI in patients with (suspected) ischemic 

heart disease, that was approved by the Committee on Research Involving Human Subjects 

of the VU Medical Center. Thirty-nine patients were initially enrolled. Nine patients were 

excluded from the final analysis: 1 patient had significant valvular disease, 4 patients were 

lost to follow-up, and 4 patients had insufficient image quality of either baseline or follow-

up MRI study. The clinical characteristics of the remaining 30 patients are listed in table 1. 

Five patients (4 spontaneous symptom and ECG resolution, 1 thrombolysis) were 

revascularized between the baseline and follow-up MRI study. In three of these, PTCA of 

the infarct related artery was performed before discharge because of symptomatic ischemia 

during exercise testing. Two patients were readmitted with unstable angina pectoris with 

negative cardiac enzymes, and underwent PTCA (of the infarct related artery) and CABG 

respectively. 

MRI.  All MRI procedures were performed with the patient in supine position in a 1.5 Tesla 

clinical scanner (Sonata/Vision, Siemens, Erlangen, Germany) using a 4-elements phased 

array cardiac receiver coil. ECG-gated images were acquired during repeated breath-holds 

of varying duration depending on heart rate (~ 10 seconds). Cine images using a segmented 

gradient-echo sequence (6 mm slice thickness) were obtained in multiple short-axis views 

every 10 mm covering the whole left ventricle. Ten to fifteen minutes after injection of a 

gadolinium-based contrast agent (Magnevist, Schering; 0.2 mmol/kg) DCE images were 

acquired in the same orientation as the cine images using a segmented inversion-recovery 

gradient-echo pulse sequence (TR/TE 9.6/4.4 ms, FA 25°, matrix 208x256 and a typical 

voxel size of 1.6x1.3x5.0 mm, TI 250-300 msec). The baseline study was performed 7 ± 3 

days after admission, with follow-up at 13±3 weeks. DCE images were acquired only 

during the baseline study. 

Data analysis. All data were analyzed on a separate workstation (Sun Microsystems, Inc., 

Santa Clara, California) using a dedicated software package (Mass, Medis, Leiden, The 

Netherlands). Baseline cine images and contrast-enhanced images were matched by using 

slice position, since both data sets were acquired during the same imaging session. 

Registration of follow-up to baseline cine images was achieved by consensus of 2 observers 

using various anatomic landmarks, including the septal insertion sites of the right ventricle, 

the papillary muscles, and trabecularization patterns in right and left ventricle. Images were 

then analyzed by consensus of two observers, who were blinded to patient data and the 

results of the other examinations. 
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Segmental analysis. For analysis of segmental function and contrast pattern the two most 

basal and two most distal slices were excluded, because short axis images at these levels 

preclude a reliable segmental evaluation due to presence of the left ventricular outflow tract 

and small diameter, respectively. Each short axis was divided in twelve equi-angular 

segments, starting at the posterior septal insertion of the right ventricle. Segmental wall 

thickening (SWT) was scored according to the following scale: 1 – normal, 2 – mild 

hypokinesis, 3 – severe hypokinesis, 4 – akinesis, 5 – dyskinesis. Functional improvement 

was defined as a decrease in SWT-score of ≥1. Complete recovery was defined as a 

decrease to SWT-score 1. Interobserver variability (AMB,HPK) was tested in 10 patients 

(532 segments). 

For analysis of the DCE images the segmental extent of hyperenhancement (SEH) was 

calculated by dividing the hyperenhanced area by the total area of the predefined segment 

expressed as percentage. Any subendocardial area of hypoenhancement within the 

hyperenhanced area was considered part of the hyperenhanced area. SEH was then scored 

as follows: 1 – 0%, 2 – 1-25%, 3 – 25-50%, 4 – 51-75%, 5 – 76-100% 

hyperenhancement(10). To explore the relation between DCE-MRI and change in ejection 

fraction, we calculated a viability score in each patient, as: the total number of segments 

with baseline wall thickening abnormality and SEH-score ≤2, divided by all segments with 

baseline wall thickening abnormality. 

 

 

Table 1. Patient characteristics

Number patients 30

Male 28

Age 59±11
Infarct site ECG

anterior 13

inferior (-lateral) 11

posterior 6

Maximum total CK 2190±1364

Maximum MB-fraction 178±110

Ejection fraction base-line(%) 51±9

Thrombolysis 5

Primary PTCA 18

Days between admission and base-line MRI 7±3

Weeks between admission and follow-up MRI              13±3

CK = creatine kinase; PTCA = percutaneous coronary transluminal angioplasty
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The assessment of contrast images and the size of the hyperenhanced areas are sensitive 

to image window setting. To eliminate the influence of subjective window setting, SEH was 

scored again after thresholding the images at 6 SD above signal intensity of the opposite, 

non-infarcted myocardium in the same slice (SEHth). The choice of 6 SD as the cut-off 

value was based on our own clinical experience and recent literature(21). To test the inter-

observer variability (AMB,OB), SEH was scored independently in 5 patients (299 

segments), with window setting adjusted to personal preference.  

Global analysis. On all short axis cine slices the endocardial and epicardial borders were 

outlined manually in end-diastolic and end-systolic images, excluding trabeculae and 

papillary muscles. Ejection fraction was calculated as follows: (end-diastolic volume – end-

systolic volume)/end-diastolic volume. 

Statistical analysis. The paired sample t-test and the independent samples t-test were used 

to compare means within the study group or between subgroups. We used kappa values to 

assess interobserver variability and enhancement score (SEH and SEHth) variability. Since 

wall thickening scores within one patient are strongly related, we used multilevel logistic 

regression to evaluate the relation between change in wall thickening and baseline 

hyperenhancement-score (MlwiN, version 1.02.0002)(22,23). Multilevel analysis can be 

considered an extension to the commonly used repeated measures ANOVA that has the 

disadvantage that only a continuous outcome variable can be analyzed. Furthermore, 

repeated measures ANOVA requires a fully balanced dataset, and only corrects for 

correlated observations at one level. In this study, two dichotomous outcome variables were 

analyzed (improvement and complete recovery), with correlated observations at two levels 

(i.e. slices within patients and segments within slices). A correction was made for baseline 

wall thickening-scores, and the regression equation was used to calculate odds ratio’s that 

expressed the likelihood of improvement relative to functional outcome of segments 

without hyperenhancement (SEH-score 1). The relation between change in ejection fraction 

and various patient variables was evaluated using logistic regression.  

 

RESULTS 

A total of 1740 segments (4.8 slices/patient) were available for analysis. During the 

analysis, 51 (3%) segments were additionally excluded because assessment was considered 

not reliable on any of the cine or contrast images by at least one of the two observers (e.g. 

presence of left ventricular outflow tract, localized artifacts).  

Cine MRI.  Of 1689 segments, 500 (30%) showed a baseline wall thickening abnormality. 

In these, baseline mean SWT-score was 3.2±0.9. At follow-up, mean SWT-score had 

decreased to 2.5 ± 1.3 (p<0.001 vs. baseline). Fifty-five percent (273 of 500) of segments 

improved at follow-up, 7% (36) worsened, and 38% (191) remained unchanged. 
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Interobserver agreement for the assessment of segmental wall thickening was 85% (kappa = 

0.69). 

DCE-MRI.  Twenty-nine patients showed regional hyperenhancement, and in all patients, 

the area corresponded to the electrocardiographic infarct location. One patient with a small 

inferior infarction (maximum CK 426) had no regional hyperenhancement. The 

interobserver agreement for the assessment of segmental extent of hyperenhancement was 

87% (kappa=0.76). 

Segments that improved had lower mean SEH-score than segments that did not improve 

(2.4±1.3 vs. 3.7±1.4; p<0.001). The functional change according to segmental extent of 

hyperenhancement is shown in figure 1a and table 2. Of 151 segments with ≤25% 

hyperenhancement that improved, 119 (79%) had complete functional recovery, 25 (17%) 

residual mild hypokinesis, and 7 (5%) residual severe hypokinesis. Of the 31 segments with 

>75% hyperenhancement that improved, only 4 (13%) had complete functional recovery, 9 

(29%) residual mild hypokinesis, and 17 (55%) initially akinetic segments and 1 initially 

dyskinetic segment had residual severe hypokinesis. Figure 2 illustrates the relation 

between hyperenhancement and change in wall thickening in a patient with recent anterior 

myocardial infarction (see also electronic data supplement J Am Coll Cardiol 2003;42:895-

901). 
 

Table 2. Number of segments with functional improvement and complete recovery (CR) at 
follow-up according to baseline SEH and SEHth-score.

SEH
total 108 92 105 70 125
improved 83 68 70 21 31
CR 69 50 36 10 4

SEHth

total 120 74 87 55 164
improved 82 53 65 17 56
CR 70 39 41 7 12

SEH/SEHth-score 1 2 3 4 5

Also see Figure 2.
CR = complete recovery; SEH = segmental extent of hyperenhancement; SEHth = SEH scored after thresholding the
Images at 6 SD above signal intensity of opposite, non-infarcted myocardium in the same slice.
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Multilevel analysis showed that the inverse relation between likelihood of improvement 

and segmental extent of hyperenhancement was highly significant. Functional outcome in 

relation to contrast-score is shown in table 3. Outcome was comparable in segments with 

SEH-score 1 and 2. The likelihood of partial or complete functional recovery of segments 

without hyperenhancement (SEH-score 1) was significantly higher than of segments with 
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SEH-scores 3, 4 and 5. Segments without hyperenhancement were 20 and 50 times more 

likely to have partial or complete recovery of function respectively, than segments with 

>75% hyperenhancement (see table 3). 

Analysis using standardized window setting (SEHth). The overall agreement between 

the SEH-score and the SEHth-score was 85% (kappa=0.70). Agreement was lower when 

only the 500 segments with abnormal baseline wall thickening were taken into account: 

64% (SEH< SEHth in 24% of segments, SEH>SEHth in 12% of segments) (kappa=0.55). 

The functional change according to baseline SEHth is shown in figure 1b and table 2. 

Multilevel analysis showed that the likelihood of partial or complete functional recovery 

was similar for SEHth-scores 1, 2 and 3, and was significantly lower for SEHth-scores 4 

and 5 (table 3). 

Subendocardial dark zone. Sixty-five segments had a subendocardial zone of low signal 

intensity within the hyperenhanced region. Mean wall thickening score at baseline in these 

segments was high (3.8 ± 0.5), and remained high at follow-up (3.8 ± 0.6; p=NS). Only 10 

of these (15%) showed improvement: 6 initially akinetic segments had residual severe 

hypokinesis, 3 akinetic segments had residual mild hypokinesis and only 1 segment had 

complete recovery. Of the remaining 55 segments, 45 remained akinetic, 1 remained 

severely hypokinetic, and 9 worsened. 
 

 

Table 3. Multilevel logistic regression analysis*

improvement complete recovery

OR                  p OR p

SEH-score 2         0.63 (0.26-1.55)      0.32 0.81 (0.36-1.82)      0.61
3         0.35 (0.14-0.88)      0.03 0.26 (0.11-0.59)      0.00
4         0.07 (0.03-0.20)      0.00 0.09 (0.03-0.26)      0.00
5         0.05 (0.02-0.13)      0.00 0.02 (0.01-0.11)      0.00

SEHth-score 2         0.66 (0.26-1.55)      0.32 0.70 (0.31-1.61)      0.41
3         0.79 (0.34-1.86)      0.59 0.52 (0.22-1.23)      0.14
4         0.12 (0.04-0.34)      0.00 0.10 (0.03-0.37)      0.00
5         0.09 (0.04-0.23)      0.00 0.03 (0.01-0.11)      0.00

*Odds ratios (95% confidence interval) represent likelihood of improvement or recovery relative to 
outcome of segments with SEH- and SEHth-score 1.
Odds ratio (OR) = EXP (regression coefficient). Other abbreviations as in Table 2.
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Figure 1. Functional outcome of dysfunctional segments according to baseline segmental extent of 
hyperenhancement (A: SEH; B: SEHth). CR = complete recovery. Also see table 2. 
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Left ventricular ejection fraction . Overall ejection fraction did not change at follow-up 

(0.51±0.09 vs 0.53±0.10, p=NS). Previous studies have reported a significant relation 

between the percentage dysfunctional but viable myocardium and the change in ejection 

fraction(10,21). We tested multiple patient- and scan-related variables for their ability to 

predict the change in ejection fraction at follow-up: age, baseline ejection fraction, 

maximum CK, maximum CK-MB, the presence of a dark zone, and the viability score. No 

significant predictors of change in ejection fraction could be identified (table 4). However, 

the study group was small, and some variables (the viability score, presence of a dark zone) 

might have reached statistical significance with a larger study group size. 

Table 4. Logistic regression analysis for the prediction of the change in 
ejection fraction

Odds Ratio      95% confidence p-value
interval

age 1.00 0.93-1.08 0.93
CK 0.86 0.44-1.68 0.65
MB 1.15 0.44-3.00 0.77
presence of dark zone 2.40 0.48-12.13 0.29
viabilityscore (SEH ≤2) 1.40 0.95-2.07 0.10

CK = creatine kinase; SEH = segmental extent of hyperenhancement.

Table 4. Logistic regression analysis for the prediction of the change in 
ejection fraction

Odds Ratio      95% confidence p-value
interval

age 1.00 0.93-1.08 0.93
CK 0.86 0.44-1.68 0.65
MB 1.15 0.44-3.00 0.77
presence of dark zone 2.40 0.48-12.13 0.29
viabilityscore (SEH ≤2) 1.40 0.95-2.07 0.10

CK = creatine kinase; SEH = segmental extent of hyperenhancement.  
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Figure 2. Three chamber view and short axis in a patient 5 days and 12 weeks after primary PTCA plus stenting of 
the left anterior descending coronary artery for anterior myocardial infarction. Baseline cine (left) shows severe 
wall thickening abnormality (black arrows) in the anteroseptal, anterior and apical region. Follow-up cine (right ) 
shows partial functional recovery in varying degrees in areas with subendocardial hyperenhancement. The larger 
part of the area with transmural hyperenhancement remains akinetic, although there is some improvement in the 
mid-section of the anteroseptum (white arrows). To view cines in motion, please see the accompanying videos 
corresponding to Figure 2 (J Am Coll Cardiol 2003;42:895-901). 
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DISCUSSION 

This study shows that DCE-MRI can be used to predict improvement of dysfunctional but 

viable myocardium in patients with recent reperfused MI. The likelihood of functional 

improvement decreased with increasing SEH. Multilevel logistic regression analysis, which 

takes into account the fact that segments within one patient and one slice are strongly 

correlated, showed that this inverse relation was highly significant. 

Hyperenhancement after recent myocardial infarction. High resolution experimental 

studies that used the current standard DCE-MRI technique have demonstrated that 

hyperenhanced areas correlate exclusively with irreversibly damaged, necrotic 

myocardium, at various time intervals after infarction and irrespective of the status of the 

infarct related artery (12,13). Hillenbrand et al. used a canine infarction model to evaluate 

functional recovery after various occlusion times, and found that both likelihood of 

improvement and change in absolute wall thickening were predicted by the transmural 

extent of hyperenhancement (17). Using electron probe x-ray microanalysis, Rehwald et al. 

showed that elevations in Gd-DTPA concentration only occur in regions with histologically 

proven irreversible ischemic damage (16). Our data are in line with these experimental and 

two recent clinical studies that used the same MRI-technique to evaluate viability after 

recent myocardial infarction. Choi et al. studied 24 patients one week and 16±6 weeks after 

infarction and found that the transmural extent of hyperenhancement strongly predicted 

functional improvement (10). Gerber at al. evaluated 20 patients with contrast-enhanced 

MRI and myocardial tagging, and found that improvement in circumferential shortening 

was inversely related to the regional extent of hyperenhancement at delayed imaging (11). 

Compared with Choi et al., we found that more segments with >75% hyperenhancement 

improved at follow-up (25% (31/125) versus 5% (3/64)), although the majority of these 

segments had severe residual dysfunction and only four had complete recovery. Gerber et 

al. reported the mean functional improvement but did not state the percentage of segments 

with >75% hyperenhancement that improved. Hillenbrand et al. also found some 

improvement (12%) in segments with extensive enhancement in their canine experiment 

(17). Results of the highly detailed experimental studies make it unlikely that Gd-DTPA 

accumulates in reversibly damaged myocardium, although one cannot entirely exclude the 

possibility that distribution of Gd-DTPA in human and canine infarcts is different. 

However, several other factors may have played a role.  

An important issue and potential source of error was recently evaluated by Oshinski et 

al, who found that MRI overestimated infarct size in a rat-model of reperfused infarction 

when images were acquired too early after contrast injection (24). However, these authors 

used a different pulse sequence (single slice spin-echo sequence with an acquisition time of 

2-3 minutes) with a fixed inversion time and a different contrast dose (0.03 mmol/kg), 
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interferes with extrapolation of their results to our study (25). In the literature, the time 

between contrast injection and data acquisition varies considerably, between 5-30 minutes 

(8,12,13,17,18,20). In our study, DCE-MRI data acquisition was started 10-15 minutes after 

contrast injection, and we did not notice a decrease in hyperenhanced area over time. 

However, we did not systematically evaluate time-dependency of size of infarction, and 

future study is required. 

Another possible cause of error is related to the use of qualitative assessment of regional 

wall thickening. Tethering of (largely) non-viable segments to surrounding viable segments 

regaining contraction may falsely give the impression of improved function (17). In 

segments with >75% hyperenhancement, the likelihood of improvement was twice the 

likelihood of complete recovery, which suggests that it may be more difficult to establish 

partial recovery with (severe) residual dysfunction than complete recovery. In addition, all 

studies that use the change in regional wall thickening as the standard of viability require 

accurate registration of baseline and follow-up images. Despite the use of standard imaging 

procedures and anatomic landmarks, misregistration may be caused by infarct sequels as 

scar formation and remodeling. 

Definition of hyperenhancement – current limitations of DCE-MRI. During data 

acquisition, the area of hyperenhancement is defined by suppressing signal of remote 

myocardium without elevated Gd-DTPA concentrations. DCE-MRI may therefore be less 

reliable when there is co-existing myocardial disease with diffuse or regional fibrosis. In 

addition, careful optimization and continuous adjustment of the inversion time (TI) is 

required, because ongoing wash-out of contrast in remote, non-infarcted myocardium 

causes continuous change of myocardial relaxation parameters (20). Currently, the correct 

choice of TI largely depends on the experience of the operator, making it a potential source 

of error. Newer reconstruction methods that are more operator-independent are being 

developed (26). 

During image analysis, the definition of hyperenhancement is not standardized. Signal 

intensities and area of enhancement are influenced by window setting, which may 

inappropriately define segmental viability status. Animal studies have used objective 

thresholds related to the (nulled) signal of remote, non-enhanced myocardium, defining 

hyperenhanced as more than 2 or 3 SD above the mean signal intensity of remote 

(12,13,17,27). Studies in patients have generally not reported the use of an objective 

definition of (hypo- and) hyperenhancement (8,10,18,28).  In our experience, thresholding 

the images at 2 or 3 SD above remote grossly overestimates the visually determined areas. 

Signal intensity of remote myocardium is actively suppressed, and is therefore so low that 

areas that have only marginally higher signal intensity are falsely considered part of the 

infarcted area. In a group of patients with chronic ischemic heart disease, Kim et al. 



 71 

reported that signal intensity in regions of interest within the hyperenhanced infarcted area 

was always more than 6 SD above non-enhanced remote regions, although this was not 

used in the actual analysis (21). In the subset of segments with baseline abnormal wall 

thickening, we found that SEHth-scores correlated only moderately with the SEH-scores 

(agreement 64%, overestimating in 24%, kappa 0.55). Multilevel analysis showed that the 

discriminative power of SEHth was smaller than of SEH, since only SEHth-scores 4 and 5 

had significantly lower likelihood of improvement than SEHth-score 1. In addition, we 

found that on some occasions the presence of a dark zone could only be recognized on the 

non-thresholded images. The interobserver agreement between two observers that 

independently drew myocardial contours and adjusted window setting for non-thresholded 

SEH in our study was good (87%, kappa=0.76).  
 

A B CA B C

 
Figure 3. Temporal changes in signal intensity after 0.2 mmol/kg gadolinium-DTPA i.v. in the same patient as 
Figure 2. Magnified view of 3-chamber view at 2 min (A), 15 min (B), and 30 min (C). 
 

Hypoenhancement at delayed imaging. Low signal intensity (hypoenhancement) during 

the first two minutes after contrast injection is attributed to microvascular obstruction 

(7,15). It is associated with greater myocardial damage and identifies patients with worse 

prognosis (7,28,29). Signal intensity in these dark zones rises slowly in the first 5-10 

minutes after contrast injection (7,15). The extent of hypoenhancement may vary with the 

time after injection, since it is unlikely that the degree of microvascular damage is identical 

throughout the entire infarct. Some areas may have mild damage, and allow slow contrast 

wash-in by diffusion from surrounding regions with intact microcirculation (figure 3) (30). 

Others may have extensive microvascular damage, resulting in persistent hypoenhancement 

even at late imaging. We found that segments with dark zones within the hyperenhanced 

areas at delayed imaging had poor function with very low likelihood of improvement at 

follow-up.  

In conclusion, this study shows that delayed contrast-enhanced MRI can be used to 

predict improvement of dysfunctional but viable segments in patients with recent 

reperfused myocardial infarction. Future study should focus on further standardization of 

scan procedures and image analysis. 
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ABSTRACT 

Objectives. We examined the relation between angiographic, electrocardiographic and 

gadolinium-enhanced cardiovascular magnetic resonance (CMR) characteristics of 

microvascular obstruction (MVO), and their predictive value on functional recovery after 

acute myocardial infarction (AMI). 

Background. MVO on CMR has been shown to predict left ventricular (LV) remodeling, 

but it is not well known how it compares to commonly used criteria of microvascular 

injury, and earlier reports have produced conflicting results on the significance and extent 

of MVO. 

Methods. Thrombolysis In Myocardial Infarction (TIMI) flow grade, Myocardial Blush 

Grade (MBG) and ST-segment resolution were assessed in 60 patients with AMI treated 

with primary stenting. CMR was performed between 2 and 9 days after revascularization to 

determine early MVO on first pass perfusion imaging, late MVO on late gadolinium-

enhanced imaging, and infarct size and transmural extent. Cine imaging was used to 

determine LV volumes and global and regional function at baseline and at 4 months follow-

up. 

Results. Early and late MVO were both related to incomplete ST-segment resolution 

(p=0.002, p=0.01 respectively), but not to TIMI flow grade and MBG. Of all angiographic, 

electrocardiographic, and CMR variables, late MVO was the strongest parameter to predict 

changes in end-diastolic volume (β=0.53, p=0.001), end-systolic volume (β=8.67, p=0.001) 

and ejection fraction (β=3.94, p=0.006) at follow-up. Regional analysis showed that late 

MVO had incremental diagnostic value to transmural extent of infarction (odds ratio 0.18, 

p<0.0001). 

Conclusions. In patients after revascularized AMI, late MVO proved a more powerful 

predictor of global and regional functional recovery than all other characteristics, including 

transmural extent of infarction. 
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INTRODUCTION 

Infarct size is a strong predictor of prognosis after acute myocardial infarction (AMI), and 

reperfusion therapy has contributed to an important decrease in mortality by limiting 

myocardial necrosis.1 However, despite successful recanalization of the infarct-related 

artery, perfusion of the ischemic myocardium is not or incompletely restored in up to 30% 

of patients due to microvascular obstruction (MVO), angiographically referred to as the 

‘no-reflow’ phenomenon.2 The presence of no-reflow in these patients has been found to be 

a predictor of adverse events, with higher incidence of left ventricular (LV) remodeling, 

congestive heart failure and death.3,4 The diagnosis of no-reflow can be made using 

angiography,5,6 electrocardiography,7 nuclear scintigraphy,8 myocardial contrast 

echocardiography (MCE)3 or cardiovascular magnetic resonance (CMR).4 Both MCE and 

CMR allow direct visualization of the no-reflow zone.3,9 MCE using intracoronary contrast 

agents was the first technique to show that angiographic reflow does not always imply 

restoration of myocardial flow.10 Although MCE can be used to predict functional changes 

and outcome after reperfused AMI, it is still limited by attenuation artifacts and poor 

visibility of (postero-)lateral segments,11 and is not capable of quantifying total infarct size. 

CMR allows accurate assessment of function, transmural extent and total size of infarction, 

and MVO in all segments of the left ventricle.12 Two methods have been described for the 

detection of MVO using gadolinium-enhanced CMR: first pass perfusion9,13 and late 

gadolinium enhancement (LGE).14,15 Both techniques have been shown to predict LV 

remodeling and outcome, but it is not known how they compare to the commonly used 

angiographic and electrocardiographic criteria of microvascular injury. Also, evidence is 

still limited in optimally treated patients, and earlier reports have produced conflicting 

results on the significance and extent of MVO.15-18 

The purpose of the present study was, therefore, to explore the relation between 

angiographic, electrocardiographic, and CMR characteristics of microvascular injury, and 

to investigate their predictive value on recovery of global and regional LV function after 

optimal treatment for AMI. 

 

METHODS 

Patient population. We screened consecutive patients presenting with a first ST-segment 

elevation AMI, according to standard electrocardiographic and enzymatic criteria. All 

patients had undergone primary percutaneous coronary intervention (PCI) with (bare metal) 

stent implantation within 12 hours of symptom onset. Exclusion criteria were: unsuccessful 

angiographic reperfusion (Thrombolysis In Myocardial Infarction [TIMI] flow grade <2), 

haemodynamic instability, left bundle branch block, or (relative) contraindications for 
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CMR. Sixty-seven patients were prospectively enrolled in the study. Patients were treated 

with aspirin, heparin, abciximab, clopidogrel, statins, beta-blocking agents and angiotensin-

converting enzyme inhibitors, according to ACC/AHA practice guidelines.19 All of the 

patients gave informed consent to the study protocol, which was approved by the local 

ethics committee.  

Angiography. Coronary angiography was performed at the end of the PCI procedure for 

off-line analysis of TIMI flow grade5 and myocardial blush grade (MBG).6 Images were 

assessed by 2 blinded observers, using the following definitions: TIMI flow grade 2, 

complete filling of the entire vessel, but slower than nonaffected vessels; TIMI flow grade 

3, normal flow; MBG 0, no myocardial blush; MBG 1, minimal myocardial blush or 

contrast density; MBG 2, moderate blush or contrast density, but less than a contralateral or 

ipsilateral noninfarct-related artery; and MBG 3, normal myocardial blush or contrast 

density, comparable with a contralateral or ipsilateral noninfarct-related artery. 

Angiographic incomplete reperfusion was defined as TIMI flow grade 2, or MBG <2. 

Electrocardiography. The ST-segment resolution was evaluated on a 12-lead 

electrocardiogram acquired on admission and 1 hour after PCI. The sum of ST-segment 

elevation was measured 60 ms after the J point in leads I, aVL and V1–V6 for anterior, and 

leads II, III, aVF and V5-V6 for non-anterior AMI. The percent resolution of ST-segment 

elevation from before to post-PCI was calculated, and categorized as complete (≥70%), 

partial (30% to <70%), or no (<30%) ST-segment resolution.7 Incomplete reperfusion was 

defined as <70% ST-segment resolution on electrocardiography. 

CMR protocol. CMR examination was performed on a 1.5 T clinical scanner 

(Sonata/Symphony, Siemens, Erlangen, Germany) using a phased array cardiac receiver 

coil. Baseline scan was scheduled between 2–9 days after reperfusion and follow-up at 4 

months. Electrocardiogram-gated breath-hold cine imaging was performed to determine LV 

function, using a segmented steady-state free precession pulse sequence in multiple short 

axis views every 10 mm covering the entire left ventricle. Typical in plane resolution was 

1.6 • 1.9 mm2, with slice thickness 5.0–6.0 mm (repetition time/echo time = 3.2/1.6 ms, flip 

angle 60°, matrix 256 • 156, temporal resolution 35–50 ms). First pass perfusion was 

performed during administration of a gadolinium-based contrast agent (Magnevist, 

Schering AG, Berlin, Germany; 0.1 mmol/kg) at a rate of 3.0 ml/sec, using a single shot 

saturation recovery gradient-echo pulse sequence. Three short axis slices were obtained per 

heartbeat, every 10 mm, covering the infarct area as seen during cine imaging (90° 

prepulse, repetition time/echo time = 2.1/1.0 ms, saturation time 120 ms, flip angle 12°, 

matrix 128x93, in plane resolution 3.0 • 3.3 mm2, slice thickness 8.0 mm, total scan 

duration ~1.5 min). Immediately after first pass perfusion, an additional 0.1 mmol/kg of 

gadolinium-based contrast agent was administered (cumulative dose, 0.2 mmol/kg). LGE 
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images were obtained 12–15 minutes after the second contrast administration,20 using a 2D 

segmented inversion recovery gradient-echo pulse sequence, with slice position identical to 

the cine images. Typical in plane resolution was 1.4 • 1.7 mm2, with slice thickness 5.0–6.0 

mm. (repetition time/echo time = 9.6/4.4 ms, flip angle 25°, triggering to every other 

heartbeat). The inversion time was set to null the signal of viable myocardium, and 

typically ranged from 250–300 ms. 

 
Table 1.   Patient characteristics, angiographic and electrocardiographic data. 

Number of patients 60
Age 55 ±10
Body mass index (kg/m2) 25.8 ±2.6
Risk factors 
          Men 54 (90%)
          Diabetes mellitus 2 (3%)
          Hyperlipidaemia 17 (28%)
          Hypertension 17 (28%)
          Smoking 41 (68%)
Time to reperfusion (hr) 3.5 ±3.2
Maximum total creatine kinase (U/L) 3093 ±1851
Medication at discharge
          Aspirin 60 (100%)
          Clopidogrel 60 (100%)
          Beta-blockade 60 (100%)
          Statins 60 (100%)
          ACE-inhibitors/ATII-antagonists 49 (82%)
Infarct-related artery
          Left anterior descending artery 39 (65%)
          Left circumflex artery 7 (12%)
          Right coronary artery 14 (23%)
Platelet glycoprotein IIb/IIIa inhibitors 51 (85%)
TIMI flow post-PCI  
          TIMI 2 11 (18%)
          TIMI 3 49 (82%)
Myocardial blush grade post-PCI  
          MBG 0 2 (3%)
          MBG 1 7 (12%)
          MBG 2 21 (35%)
          MBG 3 30 (50%)
ST-segment resolution (sum of leads)
          incomplete 9 (15%)
          partial 27 (45%)
          complete 24 (40%)

Values are presented as number (%) or mean ± standard deviation.
ACE = angiotensin-converting enzyme; MBG = myocardial blush grade, PCI = percutaneous
coronary intervention, TIMI = Thrombolysis In Myocardial Infarction.  
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CMR data analysis and definitions. All CMR data were analyzed on a separate 

workstation using dedicated software (Mass version 2006beta, Medis, Leiden, the 

Netherlands). Cine, first pass perfusion and LGE images acquired during the same imaging 

session were matched by using slice position. Registration of follow-up to baseline cine and 

LGE images was achieved by consensus of two observers using anatomic landmarks, such 

as papillary muscles and right ventricular insertion sites. On all short axis cine slices, the 

endocardial and epicardial borders were outlined manually on end-diastolic and end-

systolic images. LV volumes and ejection fraction (LVEF) were calculated. Each short axis 

was divided in 12 equi-angular segments, starting at the posterior septal insertion of the 

right ventricle. Segmental wall thickening (SWT) was calculated by subtracting end-

diastolic from end-systolic wall thickness. Myocardial segments were considered to be 

dysfunctional if SWT was <3 mm, based on the mean SWT of 4.4±0.7 mm (mean ± 2SD) 

in a group of 10 healthy volunteers (age 50–75 years). Complete recovery of dysfunctional 

segments was defined as SWT of ≥3.0 mm at follow-up. 

First pass perfusion was evaluated qualitatively. MVO was considered present if a 

region of hypoperfusion persisted for >1 min after contrast bolus arrival in the left ventricle 

and was located in the subendocardial layer of the infarct core9,13 in at least 1 of the slices. 

To verify that a true perfusion deficit persisted after passage of the contrast agent, all 

acquired phases were evaluated. MVO on first pass perfusion imaging was termed ‘early 

MVO’. 

The assessment of LGE images and infarct size was done as previously described.15 

Total infarct size was expressed as percentage of LV mass. Transmural extent of infarction 

was calculated by dividing the hyperenhanced area by the total area of the pre-defined 

segment (%). A transmurality score was calculated in each patient, expressed as the sum of 

segments with >75% infarcted myocardium, as a percentage of the total number of 

segments scored. On LGE images, MVO was defined as any region of hypoenhancement 

within the hyperenhanced area,14,15 and was termed ‘late MVO’. MVO was included in the 

calculation of total infarct size. The extent of late MVO was calculated in each patient, 

expressed as the sum of the segments with MVO, as a percentage of the number of 

segments scored.  

For analysis of segmental function and transmural extent of infarction, the two most 

basal and two most distal slices were excluded, because segmental evaluation at these 

levels is not considered to be reliable due to the LV outflow tract and partial volume effect 

respectively. All CMR studies were supervised by one operator, and all images were 

analyzed by two experienced observers who were blinded to patient data. There was no 

disagreement between both observers regarding the presence of early or late MVO in each 

patient. 
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Statistical analysis. Data are expressed as mean ± standard deviation (SD) for continuous 

variables and as frequency with percentage for categorical variables. Comparison of 

categorized angiographic and electrocardiographic variables and microvascular injury was 

done by the Chi-square test, or by the Fisher exact test if an expected cell count was <5. 

The paired samples t test was used to compare differences in global LV parameters between 

baseline and follow-up and the independent samples t test to compare means between 

subgroups. To identify independent predictors of global LV indices at baseline and the 

change of these parameters between baseline and follow-up, multivariable linear regression 

analyses with a forward selection procedure were used. Variables entered the model if 

p<0.10. We evaluated four outcome variables of regional myocardial function (change in 

end-diastolic wall thickness, change in end-systolic wall thickness, change in SWT and 

complete recovery) in relation to the presence of late MVO. Only dysfunctional segments at 

baseline were included and outcomes were stratified by the transmural extent of infarction. 

Because regional function in different segments within one patient are strongly related, 

outcomes were analyzed using multilevel analyses (linear and logistic regression) with 

three levels: segments within slices and slices within patients (MLwiN, version 1.02.0002, 

Centre for Multilevel Modeling, London, United Kingdom).21 In each analysis, a correction 

was made for the baseline variable of regional myocardial function in question (i.e., if the 

dependent variable was change in end-diastolic wall thickness, presence of microvascular 

injury and baseline end-diastolic wall thickness were included as covariates). All statistical 

tests were two-tailed and a p-value <0.05 was considered statistically significant. 
 

 

Table 2.   Relation between angiographic/electrocardiographic parameters, and first pass perfusion and late 

gadolinium-enhanced imaging.

No Yes p-value No Yes p-value

TIMI 2 2 (18%) 9 (82%) 5 (45%) 6 (55%)

3 17 (35%) 32 (65%) 21 (43%) 28 (57%)

MBG 0-1 3 (33%) 6 (67%) 4 (44%) 5 (56%)

2-mrt 16 (31%) 35 (69%) 22 (43%) 29 (57%)

STres Incomplete 6 (17%) 30 (83%) 11 (31%) 25 (69%)

Complete 13 (54%) 11 (46%) 15 (63%) 9 (37%)

LGE = late gadolinium enhancement; MBG = myocardial blush grade; MVO = microvascular obstruction; Stres = ST-segment resolution;

TIMI = Thrombolysis In Myocardial Infarction. 

The p-values are calculated using the Chi-square test (*) or Fisherexact test (†).

MVO on LGE imagesMVO during first pass perfusion

0.002*

1.0†

1.0†

0.01*

0.48†

1.0†
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RESULTS 

Baseline patient characteristics and medication are listed in Table 1. Seven patients did not 

undergo the follow-up study, and were therefore excluded from CMR analysis (refusal of 

follow-up CMR in three, claustrophobia in one, cardiac death in two and noncardiac death 

in one patient). There was no reinfarction, revascularization, or hospitalization for heart 

failure between baseline and follow-up study in the remaining 60 patients. 

Angiography and electrocardiography. All angiographic and electrocardiographic 

characteristics are listed in Table 1. Of the 11 patients with TIMI flow grade 2, 5 patients 

had MBG 2 (46%), 4 patients had MBG 1 (36%) and 2 patients had MBG 0 (18%). Of the 

49 patients with TIMI flow grade 3, 30 patients had MBG 3 (61%), 16 patients had MBG 2 

(33%) and 3 patients had MBG 1 (6%). There was no statistical association between TIMI 

flow grade or MBG and the time to reperfusion. 

The mean sum of total ST-segment elevation was 17.9±10.8 mV before PCI and 

7.9±7.3 mV after the procedure, resulting in 10.0±8.6 mV absolute ST-segment resolution. 

The mean relative ST resolution was 55.7±32.0%. There was a significant relation for ST 

resolution (categorized as no, partial, or complete) with TIMI flow grade 2–3 (p-value for 

trend=0.005), and with MBG 0–3 (p-value for trend=0.004). Of the 24 patients with 

complete ST-segment resolution, 23 had TIMI  flow grade 3 (96%), and 21 MBG 2-3 

(88%). Of the 36 patients with incomplete ST resolution, 10 had TIMI flow grade 2 (28%), 

and 6 had MBG 0–1 (17%). There was no statistical relation between ST-segment 

resolution and the time to reperfusion. 

Cardiovascular Magnetic Resonance. The CMR examinations were performed 5±2 days 

and 116±22 days after primary PCI. The LVEF at baseline was 42.6±9.0%, which 

significantly improved to 45.0±9.5% at follow-up (p=0.001). There was no statistically 

significant change in mean global LV volumes between baseline and follow-up in the total 

group (data not shown). Mean total infarct size was 16.9±9.7% at baseline.  

Early MVO was present in 41 patients (68%), and 34 patients (57%) also demonstrated 

late MVO. Seven patients (12%) had early MVO without late MVO. Both early MVO and 

late MVO presence were related to incomplete ST segment resolution (p=0.002 and p=0.01 

respectively, Chi-square test)(Table 8.2). There was no statistically significant relation 

between early or late MVO and TIMI flow grade or MBG (Table 2). The time to 

reperfusion was not different between patients with or without early MVO (3.4±2.5 versus 

3.7±4.0 respectively, p=0.73) and between patients with or without late MVO (3.4±2.3 

versus 3.8±4.6 respectively, p=0.70). 
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Table 3A. Univariable and multivariable linear regression analysis for the prediction of baseline ejection fraction and the 

change in ejection fraction between baseline and follow-up.

Variables

Beta p-value Beta p-value Beta p-value Beta p-value

Early MVO -5.50 0.03 - - -2.54 0.09 - -

Late MVO -5.78 0.01 - - -2.84 0.04 -3.94 0.006

Extent of MVO -0.40 <0.0001 - - -0.09 0.17 - -

TIMI flow 2 -2.71 0.37 - - -1.62 0.37 - -

MBG 0–1 -0.19 0.96 - - -1.75 0.37 - -

Incomplete ST-resolution -4.64 0.05 - - -0.71 0.62 - -

Infarct size -0.58 <0.0001 -0.58 <0.0001 -0.05 0.46 - -

Transmurality -0.42 <0.0001 - - -0.01 0.89 - -

Age 0.04 0.73 - - 0.08 0.26 - -

Baseline LVEF - - - - -0.12 0.12 -0.19 0.02

∆ = change, EF = ejection fraction, LGE = late gadolinium enhancement, LV = left ventricular, MBG = myocardial blush grade, MVO = microvascular 

obstruction, TIMI = Thrombolysis In Myocardial Infarction.

Univariable

LV ejection fraction at baseline ∆ LV ejection fraction

Multivariable Univariable Multivariable

 

 

Table 3B. Univariable and multivariable linear regression analysis for the prediction of baseline end-systolic volume and the

change in end-systolic volume between baseline and follow-up.

Variables

Beta p-value Beta p-value Beta p-value Beta p-value

Early MVO 10.53 0.07 – – 8.26 0.005 – –

Late MVO 14.57 0.007 – – 9.83 0.0003 8.67 0.001

Extent of MVO 0.92 <0.0001 – – 0.42 0.001 – –

TIMI flow 2 -2.61 0.71 – – -0.29 0.94 – –

MBG 0–1 -5.92 0.44 – – 1.09 0.78 – –

Incomplete ST-resolution 4.15 0.46 – – 4.36 0.13 – –

Infarct size (% of LV) 1.20 <0.0001 1.20 <0.0001 0.35 0.01 – –

Transmurality 0.78 0.0004 – – 0.28 0.02 – –

Age (years) -0.21 0.47 – – -0.39 0.007 -0.30 0.02

Baseline LV ESV – – – – 0.02 0.79 – –

∆ = change; ESV = end-systolic volume; LGE = late gadolinium enhancement; LV = left ventricular; MBG = myocardial blush grade; MVO = microvascular obstruc-

tion; TIMI = Thrombolysis In Myocardial Infarction.

LV ESV at baseline ∆ LV ESV

Univariable Multivariable Univariable Multivariable

 

 

Predictors of global function and recovery. Table 3 demonstrates univariable and 

multivariable linear regression analysis for the prediction of baseline LVEF and LV end-

systolic volume, and the change in LVEF and LV end-systolic volume between baseline 

and follow-up CMR. Infarct size, transmural extent of infarction and the extent of late 

MVO were all highly significant predictors of LVEF and LV end-systolic volume at 

baseline. Multivariable analysis revealed LGE infarct size as the strongest and single 

independent predictor of baseline LVEF (β=-0.58, p<0.0001) and LV end-systolic volume 
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(β=1.20, p<0.0001). The results of univariable and multivariable regression analysis of LV 

end-diastolic volume at baseline were comparable to results of LVEF and LV end-systolic 

volume. 

The presence of late MVO was the strongest predictor of change in LVEF and LV end-

systolic volume at follow-up (β=-3.94, p=0.006 and β=8.67, p=0.001 respectively). 

Univariable analysis revealed the presence of late MVO, the extent of late MVO and the 

transmural extent of infarction as highly significant predictors of change in end-diastolic 

volume (p<0.005). The extent of late MVO was the strongest significant predictor of 

change in end-diastolic volume after multivariable analysis (β=0.53, p=0.001).  
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Figure 1. Changes in global left ventricular volumes and function from baseline to follow-up in patients without 

MVO (-□-) and with MVO (-■-). 

 

The changes in LV volumes and LVEF according to late MVO status are shown in Figure 

1. Patients with late MVO showed a significant increase in LV end-diastolic volumes 

(p=0.01), with a trend towards an increase in LV end-systolic volumes (p=0.10), and 

absence of improvement in LVEF (p=0.14). Patients without late MVO showed a 

significant decrease in volumes and a significant improvement in LVEF. Within the group 

of patients with late MVO, no significant correlation was found between the extent of MVO 

and the change in LVEF (Pearson’s r=0.05, p=0.78), end-systolic volume (Pearson’s 

r=0.19, p=0.29) or end-diastolic volume (Pearson’s r=0.21, p=0.24). 

Regional function and recovery. A total of 3.924 segments were analyzed, of which 2.158 

segments (55%) were dysfunctional at baseline. On the LGE images, 1.709 segments 

(43.6%) demonstrated hyperenhancement, and 380 segments (9.7%) demonstrated late 

MVO at baseline. The presence of late MVO significantly increased with infarct 

transmurality: 0.6%, 17% and 49% in segments with 0–25%, 26–75% and 76–100% extent 

of infarction, respectively (p<0.001). 
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Figure 2 shows the observed changes in regional wall thickness and function in 

dysfunctional segments, according to infarct transmurality and presence of late MVO. 

Segments with significant hyperenhancement (>25%) and late MVO showed a larger 

decrease in end-diastolic and end-systolic wall thickness during follow-up than segments 

without MVO (Figure 8.2A & 8.2B). Also, in segments with >75% hyperenhancement and 

late MVO, improvement in wall thickening was significantly less than in segments without 

MVO (p=0.007, Figure 8.2C). Of all dysfunctional segments, 654 segments showed 

complete recovery at follow-up. The likelihood of complete recovery was highest in 

segments with no or minimal hyperenhancement without MVO, and lowest in segments 

with >75% hyperenhancement with MVO (Figure 8.2D). Only 6% (23/372) of 

dysfunctional segments with late MVO showed complete recovery during follow-up, 

compared to 35% (631/1.786) of dysfunctional segments without MVO (odds ratio 0.18 

(95% CI 0.08–0.38), p<0.0001). 

 

DISCUSSION 

The present study is the first to directly compare angiographic, electrocardiographic and 

gadolinium-enhanced CMR characteristics of microvascular injury, and their predictive 

value on functional outcome in a homogeneous group of patients after successful primary 

stenting for AMI. The main findings can be summarized as follows: 1) of all characteristics 

of microvascular injury, late MVO was the strongest predictor of change in global LV 

function and volumes at follow-up, 2) ST-segment resolution, but not TIMI flow grade and 

MBG, correlated with the presence of MVO on first pass perfusion and LGE CMR, and 3) 

late MVO was a stronger predictor of regional functional outcome than infarct 

transmurality. 

Angiography and electrocardiography. In AMI, restoration of microvascular flow is 

considered to be a key factor for post-ischemic repair, functional outcome and prognosis. 

The presence of microvascular injury can be assessed with a multitude of invasive and 

noninvasive techniques. Despite their proven clinical relevance, there have been few studies 

on the relative value of these techniques, and to our knowledge there are no studies that 

have compared CMR characteristics of MVO to TIMI flow grade, MBG or ST-segment 

resolution. A number of reports have addressed angiographic and electrocardiographic 

techniques and found that MBG and ST-segment resolution provided prognostic 

information beyond the standard TIMI flow grading and the (semi-quantitative) TIMI frame 

count.22 MBG and ST-segment resolution have each been used as (surrogate) end points in 

the evaluation of MVO reducing therapies.23 However, a recent report showed that MBG 

and ST-segment resolution were discordant in almost 40% of patients,22 which theoretically 

limits their use both in daily practice and in research. In our study, ST-segment resolution 
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was discordant with TIMI flow grade in 38% of the patients, and with MBG in 48% of the 

patients. Neither TIMI flow grade nor MBG was predictive of functional outcome. 

Although incomplete ST-segment resolution was related to baseline function, it did not 

predict changes at follow-up. This finding is probably attributable to the relatively small 

number of patients.  
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Figure 2. Change of end-diastolic and end-systolic regional wall thickness (A & B) and of wall thickening (C) in 
dysfunctional segments between baseline and follow-up, according to transmural extent of infarction. D shows 
complete recovery at follow-up of dysfunctional segments, according to baseline transmural extent of infarction in 
patients without (-□-) and with MVO (-■-). 
 

Gadolinium-enhanced CMR. By allowing the direct visualization of the non-perfused 

zone, gadolinium-enhanced CMR has provided new insights in the pathophysiology and 

prevalence of microvascular obstruction.4,9,13,24 Current first pass CMR techniques have 

high sensitivity for the diagnosis of MVO, detecting it in 65–87% of patients with 

successfully reperfused AMI and TIMI flow grade 3.16,25,26 The reported prevalence of 

MVO with LGE imaging is lower: 28-58%.14,15,17,18,26,27 So far, only two studies have 
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directly compared early and late MVO, and both showed a higher prevalence of early 

MVO, but did not assess their relative value for the prediction of outcome.26,27 The 

difference in prevalence is attributed to ongoing slow diffusion of contrast into regions with 

less severe microvascular damage and subsequent smaller areas of hypoenhancement at 

postponed (late) imaging (Figure 3). The short axis LGE images were acquired between 

12–15 minutes after contrast administration.20 Consequently, we may have missed areas 

with MVO which had already disappeared due to wash-in of contrast. Late MVO therefore 

reflects infarcts with a more severely injured microvasculature. Our data extend previous 

studies by showing that, although first pass imaging was more sensitive in detecting MVO 

(68% versus 57%), MVO on LGE imaging had greater clinical relevance by identifying 

patients with worse functional outcome, and was in fact the only predictor of LV volumes 

and function at follow-up in a multivariable analysis that included all angiographic, 

electrocardiographic and CMR measures of MVO. Furthermore, the present study 

documents no statistical relationship between the extent of MVO and LV remodeling over 

time in patients with presence of late MVO. This finding is in line with our previous results, 

where we reported no difference in LV indices between patients with small or large areas of 

MVO,15 suggesting that the size and extent of MVO may be clinically less important than 

its mere presence. 
 

 A 

D 

B 

E 

C 

F 

 
Figure 3. Example of gadolinium-enhanced images of the same patient with presence of MVO at different time 
points after contrast administration, showing the decline of the MVO region. A shows a short axis first pass 
perfusion image 1.5 minute after contrast injection, with transmural hypoenhancement in the inferolateral region 
(arrows). Panel B to F are corresponding three-chamber LGE images which transect A at the dotted line, 
acquired 10 minutes (B), 15 minutes (C), 20 minutes (D), 30 minutes (E), and 40 minutes (F) after contrast 
administration. 
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MVO versus infarct size and transmurality. This study also demonstrates that late MVO 

has diagnostic value beyond infarct transmurality, which is an established predictor of 

functional recovery of stunned or hibernating myocardium.28,29 Several studies have 

compared MVO (either by first pass or by LGE imaging) to LGE infarct size or transmural 

extent, but results have not been conclusive, with some reports favoring MVO and others 

infarct size or transmurality as the best predictor of outcome.4,14,16,18,25 Although infarct size 

was the only independent predictor of baseline volumes and function in the present study, 

late MVO was a better predictor of the changes at follow-up. Regional analysis showed that 

late MVO was associated with increased wall thinning and less improvement of wall 

thickening, regardless of the degree of infarct transmurality. These results strongly suggest 

that, in the acute setting, MVO might be more relevant than infarct size or transmural 

extent.  

Methodological considerations. CMR assessment of MVO and infarction is typically 

performed between 2 and 9 days after reperfusion, because the extent of both MVO and 

infarction is stable within that period and has been shown to increase in the first 48 h.24,30 

Thus, we assured a fixed infarct and MVO size, although we may have underestimated the 

full potential of CMR (and other parameters) to predict functional recovery. Additionally, 

because we performed LGE imaging between 12–15 min in order to optimally analyze 

infarct size and extent, we cannot exclude that earlier or later acquisition would have 

influenced the predictive value of late MVO.  

Angiographic and electrocardiographic parameters of no-reflow are obtained in the acute 

setting of myocardial infarction, immediately or very early after reperfusion. The difference 

in timing may explain the relatively poor correlation between CMR and the other 

parameters. However, all parameters have been effectively used for the prediction of 

outcome after MVO, which justifies their comparison despite the difference in timing. 

Clinical implications. Our findings may become relevant for selecting patients that may 

benefit from adjunctive (e.g., cell) therapy to promote the repair of infarcted myocardium. 

In addition, because gadolinium-enhanced CMR accurately visualizes both infarct and 

MVO, it should be strongly recommended as principal imaging technique in trials 

evaluating new therapeutic strategies to limit microvascular injury in the setting of AMI. 

In conclusion, we found late MVO to be the most powerful predictor of functional outcome 

after AMI when directly comparing angiographic, electrocardiographic and gadolinium-

enhanced CMR characteristics of microvascular injury in a homogeneous group of patients 

after successful PCI. Its predictive value exceeded that of early MVO and assessment of 

transmural extent of infarction. 
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ABSTRACT 

Purpose. Reperfusion may cause intramyocardial hemorrhage (IMH) by extravasation of 

erythrocytes through severely damaged endothelial walls. The purpose of the study was to 

evaluate the clinical significance of IMH in relation to infarct size, microvascular 

obstruction (MVO) and function in patients after primary percutaneous intervention.  

Methods. Forty-five patients underwent cardiovascular MR imaging (CMR) one week and 

4 months after primary stenting for a first acute myocardial infarction. T2-weighted spin-

echo imaging (T2W) was used to assess infarct related edema and IMH, and delayed 

enhancement (DE) was used to assess infarct size and MVO. Cine CMR was used to assess 

left ventricular volumes and function at baseline and at 4 months follow-up. 

Results. In 22 (49%) patients, IMH was detected as areas of attenuated signal in the core of 

the high signal intensity region on T2W images. Patients with IMH had larger infarcts, 

higher left ventricular volumes and lower ejection fraction. Contrast-to-noise ratio (CNR) 

between hyperintense periphery and the hypo-intense core of the T2W ischemic area 

correlated to peak CKMB, total infarct size and MVO size. Using univariable analysis, 

CNR predicted ejection fraction at baseline (β=-0.62, p = 0.003) and follow-up (β=-0.84, p 

< 0.001). However, after multivariable analysis, baseline ejection fraction and presence of 

MVO were the only parameters that predicted functional changes at follow-up. 

Conclusion. IMH was found in the majority of patients with MVO after reperfused 

myocardial infarction. It was closely related to markers of infarct size, MVO and function, 

but did not have prognostic significance beyond MVO. 
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INTRODUCTION 

Timely reperfusion is the only way to preserve ischemic myocardium in acute myocardial 

infarction. However, reperfusion also induces new pathological changes that were not seen 

in the pre-interventional era [1]. Microvascular obstruction (MVO) or no-reflow refers to 

the small vessel changes that prevent adequate tissue perfusion despite a revascularized and 

patent epicardial coronary artery [2,3]. Although MVO is related to infarct size, it is an 

independent and powerful predictor of adverse outcome [4,5]. Reperfusion may also cause 

intramyocardial hemorrhage (IMH) by extravasation of erythrocytes through severely 

damaged endothelial walls [6,7]. IMH can be visualized by T2-weighted CMR because 

breakdown products of hemoglobin are paramagnetic and influence regional magnetic 

tissue properties [8,9].  Previous studies found IMH in about one third of patients and 

suggested a relation with more severe myocardial injury and MVO [10,11]. However, the 

exact significance of IMH and its relation to MVO remain unclear. 

This study was undertaken to further evaluate presence and clinical significance of IMH 

by exploring its relation to infarct size, MVO and function in patients after primary 

coronary angioplasty for acute myocardial infarction. 

 

METHODS 

Patients. All patients gave informed consent to the study protocol, which was approved by 

the local ethics committee. Patients were considered study candidates when admitted with a 

first ST-elevation acute myocardial infarction treated with successful primary coronary 

angioplasty (PCI) with stent implantation, defined as Thrombolysis In Myocardial 

Infarction (TIMI) flow grade 2 or 3. Patients with hemodynamic instability or (relative) 

contraindications for CMR were excluded. 

Cardiac Magnetic Resonance imaging protocol. All examinations were performed on a 

1.5-T clinical scanner (Sonata/Symphony, Siemens, Erlangen, Germany) using a phased 

array cardiac receiver coil. The baseline scan was scheduled between 2 to 9 days after 

reperfusion and follow-up at 4 months. ECG-gated images were acquired during end-

expiration breath holding. Segmented steady state free precession cine imaging (average 

voxel size 1.6x1.9x5 mm3, temporal resolution 47 ms) was used to evaluate left ventricular 

function in long axis views and full coverage short axis views (interslice gap 5 mm). Prior 

to contrast injection, breath-hold, segmented T2-weighted spin-echo imaging (T2W) (STIR, 

TR = 2 x RR-interval, TE 64 ms, average voxel size 1.4x1.9x7 mm3) was performed to 

visualize infarct related edema and hemorrhage. Three long axis views and a short axis 

view at the core of the infarct, defined as the short axis slice position with the largest 

circumferential amount of wall motion abnormalities were acquired [12]. An image 
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normalisation filter was used to correct for coil inhomogeneity. Delayed enhancement (DE) 

images were acquired using a segmented inversion recovery gradient-echo pulse sequence 

(average voxel size 1.4x1.7x5 mm3, trigger pulse 2, inversion time 250-300 ms) 12 to 15 

minutes after i.v. administration of 0.2 mmol/kg gadolinium-DTPA in short axis views with 

slice positions copied from the cine series. 

Analysis. All CMR data were analysed on a separate workstation using dedicated software 

(Mass version 2006beta, Medis, Leiden, the Netherlands). Cine, T2W and contrast images 

were analysed separately, and, during analysis of one technique, the observers were blinded 

to results of the other techniques as well as to other clinical patient data.  

Endocardial and epicardial contours were manually drawn on all end-diastolic and end-

systolic cine images to calculate normalised (body surface area) left ventricular end-

diastolic (EDV) and end-systolic volumes (ESV), mass and ejection fraction.  

T2W images were assessed qualitatively for the presence of regional high signal 

intensity. IMH was considered present on T2W if regions of low (attenuated) signal were 

seen within the high signal area. Using the short axis view, the high signal intensity area 

(T2W infarct area) was quantified after windowing the images at mean + 2 SD of the signal 

intensity (SI) of remote, normal myocardium, and expressed as a percentage of total slice 

area. IMH was included in the calculation of T2W infarct area. An ellipsoid region of 

interest (0.2-0.3 cm2) was placed in the central part (core) of the T2W infarct, covering the 

region with attenuated signal when present, and placed in the middle of the hyperintense 

region in patients without IMH. Regions of interest were also drawn in the peripheral part 

(peri) of the T2W infarct area and in remote, normal myocardium (Fig. 1). Signal-to-noise 

ratio (SNR) was calculated as SNRcore = SIcore / SDnoise, and SNRperi = SIperi / 

SDnoise and SNRnorm = SInorm / SDnoise, respectively. Since no parallel imaging was 

used, noise was calculated as the standard deviation of a region of interest in background 

air, divided by 0.7, taking into account the number of effective radiofrequency coils [13]. 

Contrast-to-noise ratio (CNR) between the infarct periphery and core was calculated as 

CNR = (SIperi - SIcore) / SDnoise.  

DE images were analysed as previously described [14]. Total infarct size was expressed 

as percentage of total left ventricular mass. MVO was defined as any region of 

hypoenhancement within the hyperenhanced, infarcted area, and was included in the 

calculation of total infarct size. MVO size was calculated by subtraction of the 

hyperenhanced area from the total infarct size, and expressed as a percentage of left 

ventricular mass (%). For direct comparison of infarct extent with T2W images, infarct area 

in the same slice position was quantified and expressed as percentage of total slice area. 
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Table 1.  Baseline characteristics acoording to absence (IMH -) or

presence (IMH +) of intramyocardial hemorrhage on T2W images.

p-value

Number 23 22 NS

Age (sd) 59 ± 10 54 ± 10 NS

Male 21 19 NS

Diabetes 2 0 NS

Hypercholesterolemia 5 8 NS

Hypertension 6 6 NS

Smoking 14 14 NS

Infarct related artery NS

LAD 13 16 NS

LCx 3 3 NS

RCA 7 3 NS

Time to reperfusion (hrs) 3.6 ± 3.8 3.5 ± 3.0 NS

Abciximab 19 20 NS

TIMI flow post-PCI NS

TIMI 2 4 3 NS

TIMI 3 19 19 NS

Peak CK 188 ± 102 378 ± 156 <0.001

Time to baseline CMR 4.3 ± 2.1 5.7 ± 2.0 0.03

Total infarct size (% of LV) 11.3 ± 7.3 24.4 ± 7.0 <0.001

MVO 5 22 <0.001

MVO (% of total infarct) 0.3 ± 1.1 12.3 ± 8.9 <0.001

EDV (ml/m2) 89 ± 22 104 ± 22 0.02

ESV (ml/m2) 49 ± 17 64 ± 19 0.007

Ejection fraction (%) 46.4 ± 8.4 38.9 ± 8.1 0.004

Values are presented as numbers or as mean ± standard deviat ion.

LAD = left  anterior descending artery, LCx = circumflex artery, RCA = right

coronary artery. T IMI = Thrombolysis in Myocardial Infarction. PCI = 

percutaneous coronary intervention.

IMH - IMH +
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Statistical analysis. Data are expressed as mean ± SD for continuous variables. The 

independent samples T-test and Chi-square test were used to compare subgroups. The 

paired samples T-test was used to evaluate changes in left ventricular global parameters 

between baseline and follow-up. Pearson’s correlation coefficients (r) were calculated for 

the relation between CNR, peak CKMB, total infarct size, MVO size and ejection fraction. 

Univariable and multivariable linear regression analysis was used to evaluate the relation of 

clinical (age, CKMB) and CMR parameters (total infarct size, MVO, CNR) to ejection 

fraction and their ability to predict changes at follow-up. 

 

RESULTS 

Fifty consecutive patients were included in the study protocol. T2W image quality was non-

diagnostic in both short axis and long axis views in 5 (10%) because of artifacts or regional 

signal loss caused by cardiac or respiratory motion. The remaining 45 patients had an 

uncomplicated clinical course between both CMR examinations. Mean time between 

admission and baseline CMR was 5.1±2.1 days. Mean total infarct size was 17.6±10.0% of 

total left ventricular mass. MVO was identified on contrast images in 27 patients (60%), 

and mean MVO size was 6.0±8.4% of total infarct size. Mean ejection fraction was 

42±10%, and increased to 45±10% at follow-up (p = 0.004). 

Edema, hemorrhage and MVO. In all patients, T2W revealed a region of high signal 

intensity in the distribution area of the infarct related artery (Fig. 1). In almost half (22 of 

45), areas of varying size of lower signal intensity could be identified in the central part of 

the area of high signal intensity (Fig. 1). Baseline characteristics according to presence of 

IMH are summarized in Table 1. 

All patients with IMH had MVO on contrast images and only 5 patients with MVO did 

not have IMH on T2W. At baseline, patients with IMH had higher peak CKMB, larger total 

infarct size, larger volumes and lower ejection fraction. At follow-up, patients without IMH 

showed a significant improvement in EDV (89±22 vs 83±22 ml/m2, p = 0.05), ESV (49±17 

vs 43±15 ml/m2, p = 0.003) and ejection fraction (46.4±8.4 vs 49.6±8.0 %, p = 0.04). 

Patients with IMH showed a non-significant increase in EDV (104±22 vs 111±29 ml/m2, p 

= 0.076) and ESV (65±19 vs 67±24 ml/m2, p = 0.310), and a small, non-significant 

increase in ejection fraction (38.9±8.1 vs 40.6±8.5 %, p = 0.72). 

SNR and CNR analysis. Five additional patients were excluded from further signal 

intensity analysis because the short axis images were of insufficient quality to calculate 

T2W infarct area or SNR. In the remaining 40 patients, there was a significant correlation 

between mean infarct area on T2W images and on DE images (r = 0.73, p < 0.001), 

although the area was larger on T2W images: 49.3±15% vs 28.9±15.7%, p < 0.001 (Fig 1). 

SNRperi was significantly higher than SNRcore in the patients with MVO (29.4 vs 20.6, p 
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< 0.001) but not in patients without MVO (29.9 vs 30.2, p = 0.68). As a result, CNR was 

higher in patients with MVO than in patients without MVO (8.8±5.5 vs 0.3±3.5, p < 0.001). 

CNR correlated significantly with peak CKMB (r = 0.51, p = 0.001), total infarct size (r = 

0.57, p < 0.001), and size of the MVO area (r = 0.52, p < 0.001). 

 

 

 

 

 

Figure 1. Edema, hemorrhage, infarct and microvascular obstruction. High and homogeneous T2W signal (a) in a 
patient with subendocardial anteroseptal infarction without MVO (b). Attenuated T2W signal corresponding to 
hemorrhage in the infarct core (c) in a patient with transmural inferoposterior infarction with MVO (d). Infarct 
area on T2W images is larger than on DE images in both patients. Borders of the infarcted areas are indicated by 
triangles, T2W core by solid arrow, T2W periphery by interrupted arrow and MVO by asterisk. 
 

 

Hemorrhage and ejection fraction. Using univariable analysis, CNR strongly predicted 

ejection fraction at baseline (β=-0.62, p = 0.003) and follow-up (β=-0.84, p < 0.001), but 

not the change over time (β=-0.22, p = 0.11). After multivariable analysis, infarct size 

remained the single independent predictor of ejection fraction at baseline (β=-0.69, p < 

0.001) and follow-up (β=-0.73, p < 0.001), whereas baseline ejection fraction and presence 
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of MVO were the only predictors of change in ejection fraction (β=-0.29 and β=-4.99 

respectively, p < 0.01). 

 

DISCUSSION 

Our study showed that intramyocardial hemorrhage can be found in almost half of patients 

with successfully revascularized acute myocardial infarction. The presence of IMH was 

associated with larger infarcts, presence of MVO, higher left ventricular volumes and lower 

ejection fraction, and the lack of improvement at follow-up. Contrast-to-noise ratio between 

(attenuated) core and (high) peripheral T2W signal intensity was strongly related to 

markers of infarct size, MVO and function. However, in our study, it was not an 

independent predictor of functional changes at follow-up. 

T2-weighted imaging, edema and hemorrhage. Normal myocardium has low to 

intermediate signal on T2W images, but increased regional water content, such as infarct 

related edema, causes an increase in the T2-relaxation time and T2W signal intensity [15]. 

Hemorrhage and the breakdown of oxygenated hemoglobin also influence magnetic 

properties of the surrounding tissue. The effects of hemoglobin degradation have been 

extensively studied in patients with cerebral hemorrhage; they are complex and strongly 

dependent on the age of the hematoma and the integrity of the erythrocyte membrane [8]. 

T2W signal is high in the very early, hyperacute phase, but then falls because of the 

paramagnetic effects of deoxyhemoglobin and intracellular methemoglobin [8]. Especially 

in the core of the hematoma, where there is marked hypoxia, signal may remain very low 

for a prolonged period of time [16]. Lotan et al studied IMH in a canine myocardial 

infarction model using ex-vivo T2W [9]. They found areas of low signal within the zone of 

increased signal that accurately matched the location of macroscopic hemorrhage in all 

animals but one (with a very small hemorrhage), and no hypointense T2W regions in the 

animals without hemorrhage. Hemorrhage size according to CMR correlated closely to size 

determined from tissue slices and according to labeled red blood cells. Basso et al recently 

compared in-vivo and ex-vivo CMR to histopathological findings in 2 patients that had died 

12 and 24 days after percutaneous revascularization, respectively [17]. Both patients had 

hemorrhagic infarcts, with massive bleeding at the core of the infarct. Both in-vivo and ex-

vivo T2W showed areas of low signal intensity within areas of high signal intensity that 

corresponded to hemorrhage and edema, respectively. Thus, although we have no direct 

proof of the presence of hemorrhage in our patients, we believe that these studies 

sufficiently show that hemorrhage and hemoglobin breakdown leads to T2W signal 

attenuation as documented in our study. Our results are roughly in line with the results from 

previous studies that used T2*(‘star’)-weighted gradient-echo techniques to visualize IMH 

[10,11]. Asanuma et al found IMH in 9 of 24 (38%) patients with reperfused anterior MI 
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[10]. Patients with IMH had larger enzymatic infarct size, more Q-wave infarctions and less 

improvement in echocardiographic wall motion score. Ochiai et al showed IMH in 13 of 39 

(33%) patients with reperfused infarction, and also found an association between IMH, 

infarct severity and less improvement of ventriculographic ejection fraction [11]. There are 

no studies comparing T2W spinecho imaging to T2*-weighted gradient-echo imaging for 

the assessment of IMH, and, at this point, it is not clear which is the optimal technique for 

its visualisation. Cardiac application of both techniques has been validated in a limited 

number of experimental and pathological studies [9,11,18]. Although T2*-weighted 

gradient-echo imaging is very sensitive to the paramagnetic effects of the deoxyhemoglobin 

and methemoglobin, it requires relatively long echo times that may degrade image quality 

during cardiac imaging [8]. T2W spinecho imaging has the advantage that it also depicts 

infarct related edema, which has been shown to correspond to the area at risk [19,20]. In 

line with a recent report by Friedrich et al, we found that mean (single slice) T2W infarct 

area was (approximately 70%) larger than DE infarct area [20]. 

Clinical implications. Hemorrhagic myocardial infarction was rarely seen in autopsy 

studies in the pre-reperfusion era, but its reported incidence markedly increased after the 

introduction of thrombolytic therapy [6,21]. Later studies showed that it also occurred after 

primary PCI [10,11]. The appearance of hemorrhage therefore depends on the coexistence 

of myocardial reperfusion and microvascular damage in the setting of severe myocardial 

ischemia [7,17]. The large majority (81%) of our patients with MVO also had IMH, and 

MVO size in the 5 patients without IMH was very small (<1% of total infarct size). Further 

more, our results suggest that hemorrhage severity, as reflected by the degree of T2W 

signal attenuation as contrast-to-noise ratio, is related to infarct and MVO extent, but does 

not have prognostic value beyond MVO. In early studies in the mid-seventies, Kloner et al 

already demonstrated that extravasation of erythrocytes is one of the morphological features 

found in areas of no-reflow [22]. This close relation between MVO and IMH might explain 

the lack of additional prognostic significance as seen in our study. Figure 2 illustrates the 

co-existence of edema, IMH and MVO in a patient who died 3 days after inferoposterior 

myocardial infarction (patient was not included in the study group). 

The non-invasive assessment of IMH by CMR might be used to indicate infarct severity 

and underlying microvascular injury, e.g. in patients with (moderate to severe) renal 

insufficiency, who have a relative contra-indication against the use of gadolinium 

compounds [23]. However, further study is needed to define the optimum CMR technique 

to assess IMH, and to determine the exact role of IMH in the myocardial healing process.  
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Figure 2. Microscopic slides at 200x magnification after standard hematoxylin and eosin staining of 3 samples of 
the heart of a 44-year old man who died 3 days after admission with acute inferoposterior infarction (patient not 
included in the study group). (a) infarct core with necrotic cardiomyocytes (interrupted arrow) and abundant 
erythrocytes (solid arrows), (b) infarct border zone with edema (open arrow), (c) capillary vessel with thrombus 
(asterisk) and plugged polymorphonuclear cells (circled arrow). To view image in colour see original citation.  

 

Study limitations. Spatial coverage of the T2W images was limited as we focused on the 

identification of hemorrhage in the core of the infarct. As a result, we may have missed 

regions of signal attenuation in adjacent slices in the 5 patients with MVO but without 

IMH. Signal-to-noise ratios are related to scan parameters such as voxel size, and therefore 

our results may not be directly applicable when other scanners are used. The current breath-

hold T2W spin-echo imaging technique is limited by its sensitivity to artifacts caused by 

cardiac or respiratory motion, as illustrated by the considerable number of non-diagnostic 

images in our study group (10% of long axis images, 20% of short axis images). A recently 

proposed adaptation of the technique to optimize performance has not yet been evaluated in 

a clinical setting [24]. 

In conclusion, intramyocardial hemorrhage was found in the majority of patients with 

microvascular obstruction after percutaneous revascularization for acute myocardial 

infarction. It was closely related to markers of infarct size, MVO and function, but, in this 

study, did not have prognostic significance beyond MVO.  
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ABSTRACT 

Objectives. We sought to compare contrast-enhanced magnetic resonance imaging 

(ceMRI) with nuclear metabolic imaging for the assessment of myocardial viability in 

patients with chronic ischemic heart disease and left ventricular (LV) dysfunction. 

Background. Contrast-enhanced MRI has been shown to identify scar tissue in 

ischemically damaged myocardium. 

Methods. Twenty-six patients with chronic coronary artery disease and LV dysfunction 

(mean ejection fraction 31 ± 11%) underwent 18F-fluorodeoxyglucose (FDG) positron 

emission tomography (PET), technetium-99m tetrofosmin single-photon emission 

computed tomography (SPECT), and ceMRI. In a 17-segment model, the segmental extent 

of hyperenhancement (SEH) by ceMRI, defined as the relative amount of contrast-

enhanced tissue per myocardial segment, was compared with segmental FDG and 

tetrofosmin uptake by PET and SPECT. 

Results. In severely dysfunctional segments (n = 165), SEH was 9 ± 14%, 33 ± 25% (p < 

0.05), and 80 ± 23% (p < 0.05) in segments with normal metabolism/perfusion, 

metabolism/perfusion mismatch, and matched defects, respectively. Segmental glucose 

uptake by PET was inversely correlated to SEH (r = −0.86, p < 0.001). By receiver operator 

characteristic curve analysis, the area under the curve was 0.95 for the differentiation 

between viable and non-viable segments. At a cutoff value of 37%, SEH optimally 

differentiated viable from non-viable segments defined by PET. Using this threshold, the 

sensitivity and specificity of ceMRI to detect non-viable myocardium as defined by PET 

were 96% and 84%, respectively. 

Conclusions. Contrast-enhanced MRI allows assessment of myocardial viability with a 

high accuracy, compared with FDG-PET, in patients with chronic ischemic heart disease 

and LV dysfunction. 
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INTRODUCTION 

Assessment of residual myocardial viability in patients with chronic coronary artery disease 

and left ventricular (LV) dysfunction is of great clinical importance [1, 2, 3 and 4]. Several 

techniques analyzing the morphologic [5], functional [6], cellular [7], or metabolic [8] 

integrity of the myocardium have been introduced into clinical medicine. Each of these 

methods has specific advantages for the diagnosis of myocardial viability, but none allows 

direct visualization of the transmural extent of viable and non-viable tissue. Recently, 

contrast-enhanced magnetic resonance imaging (ceMRI) has been proposed as an 

alternative imaging modality for the assessment of myocardial viability. In several 

experimental studies, the relationship between hyperenhanced myocardium at ceMRI and 

myocardial necrosis determined by histology has been investigated [9, 10, 11, 12, 13 and 

14]. Using high spatial resolution techniques, the size and shape of hyperenhanced areas at 

ceMRI were identical to areas of irreversible injury defined by tetrazolium staining [15]. 

Moreover, ceMRI allows one to distinguish between regions with reversible and 

irreversible myocardial injury, depending on the transmural extent of hyperenhancement 

[14 and 15]. Furthermore, the transmural extent of hyperenhancement has been shown to be 

predictive of recovery of segmental contractile function after myocardial revascularization 

in experimental studies [16] and in patients with acute myocardial infarctions and chronic 

ischemic heart disease [17 and 18]. 

The aim of this study was to compare ceMRI with nuclear metabolic imaging using 18F-

fluorodeoxyglucose (FDG) positron emission tomography (PET) for the detection of 

myocardial viability in patients with chronic ischemic heart disease and LV dysfunction. 

 

METHODS 

Patient population. Twenty-six consecutive patients with LV dysfunction scheduled for 

myocardial viability assessment were scanned with both PET and ceMRI within three 

weeks of each other. All patients were in a stable clinical condition, and there were no 

ischemic events or mechanical interventions in the period between the different 

examinations. Three patients were scanned within two weeks after an acute myocardial 

infarction and were excluded from the final analysis. The baseline characteristics of the 

patient population are given in Table 1. The Committee on Research Involving Human 

Subjects of the Vrije Universiteit Medical Center, Amsterdam, approved the study protocol, 

and all subjects gave written, informed consent. 
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Table 1.   Baseline Characteristics of the Patient Population

Mean age in yrs (range) 65 (41-81)
Males/females 18/5
History of myocardial infarction 18 (78%)
Time interval between infarction 150 ± 83
and viability studies (months)
Q waves on ECG 15 (65%)
Coronary angiography 21 (91%)
Single-vessel disease 4
Two-vessel disease 5
Three-vessel disease 12
Previous revascularization 14 (61%)
CABG 2
PTCA 7
CABG and PTCA 5
Mean ejection fraction (%) 31 ± 11

Data are presented as the mean value ± SD or number (%) of subjects.
CABG = coronary artery bypass grafting; ECG  = electrocardiogram; MRI
= magnetic resonance imaging; PTCA = percutaneous transluminal coronary
angioplasty.  

 

 

IMAGING PROTOCOLS 

Magnetic resonance imaging. Images were acquired on a 1.5-tesla whole-body scanner 

(Magnetom Sonata by Siemens, Erlangen, Germany) with the patient in a supine position 

using a four-element, phased-array cardiac coil. Scout images were acquired in long-axis 

and short-axis orientations for planning of the final double-oblique long-axis and short-axis 

views. Electrocardiographically gated cine images were acquired using a segmented steady-

state free precession sequence (true FISP; echo time/repetition time [TE/TR] of 1.2/3.2 ms; 

resolution of 1.3 × 1.8 × 5 mm). Three long-axis views and seven to 11 short-axis views 1 

cm apart, covering the whole LV, were obtained during repeated breath-holds. A 

gadolinium-based contrast agent (Magnevist 0.2 mmol/kg; Schering AG, Berlin, Germany) 

was then administered intravenously using an automated injection at a rate of 3 ml/s. After 

15 to 20 min, contrast-enhanced images were acquired in the same orientation as the cine 

images, using a segmented inversion-recovery, gradient-echo pulse sequence triggered to 

end diastole [19]. The inversion time was set to null the signal of normal myocardium after 

contrast administration (typically 250 to 300 ms) and was adjusted in the course of the 

investigation if necessary. Other parameters of the sequence were TR/TE of 9.6/4.4 ms, flip 

angle 25°, matrix 208 × 256, and a typical voxel size of 1.6 × 1.3 × 5.0 mm. 
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Figure 1. Analysis of contrast-enhanced images. (Large panel) The posterior insertion of the right ventricular wall 
into the left ventricle served as a landmark for the definition of sectors in the short-axis slices. (Small panel) Total 
myocardial area per sector (outer white line, arrows) and contrast-enhanced area per sector (inner white line, 
arrowheads) were traced manually, and the amount of hyperenhancement was expressed as the percentage relative 
to total myocardial area. 

 

FDG-PET imaging. All patients underwent hyperinsulinemic-euglycemic clamping [20]. 

Scans were performed in a two-dimensional mode, using an ECAT EXACT HR+ 

(Siemens/CTI, Knoxville, Tennessee), after an intravenous injection of 370 MBq of FDG. 

The dynamic scan consisted of 39 frames with variable frame lengths for a total time of 60 

min. All dynamic scan data were corrected for physical decay of 18F and for dead time, 

scatter, and random and measured photon attenuation. The images were reconstructed using 

filtered backprojection with a Hanning filter at the Nyquist frequency. This resulted in a 

transaxial spatial resolution of ~7 mm full width at half maximum. Additionally, each 

patient underwent technetium-99m-tetrofosmin single-photon emission computed 

tomography (SPECT) for assessment of rest blood flow. 

 
Table 2. Results of Magnetic Resonance Imaging Parameters and uptake by Positron Emission Tomography, 
According to Wall Motion 

 

 

DATA ANALYSIS 

Segmental model. For each imaging modality, an identical 17-segment model was used 

dividing the LV into six basal, six midventricular, and four distal segments, and the apex 
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[21]. The basal, midventricular, and distal segments were evaluated in short-axis images, 

whereas the apical cap was evaluated in the two-chamber long-axis view with ceMRI and 

in the vertical long-axis view with PET and SPECT. By convention, the most basal short-

axis slice used for analysis was located just below and exclusive of the LV outflow tract. 

Magnetic resonance imaging. All MRI images were first previewed on a personal 

computer work station, using commercial software (Radworks version 5.0, Applicare 

Medical Imaging, Zeist, The Netherlands). To compose the basal, midventricular, and distal 

segments, MRI data of a maximum of three short-axis slices were averaged. All short-axis 

slices were projected on the two-chamber long-axis view and were allocated to the different 

positions according to their relationship to the papillary muscles: the midventricular slices 

at the level of the papillary muscles and the basal and distal slices above or below the 

papillary muscles. Each basal and midventricular slice was divided into six equidistant 

sectors angulated 60° apart starting from the posterior insertion of the right ventricular free 

wall into the LV myocardium. The distal slices were segmented into four equidistant 

sectors angulated at 90°. 

Evaluation of contrast-enhanced images. The MASS software (Medis, Leiden, The 

Netherlands) was used for quantitative analysis. Each myocardial sector was evaluated for 

the presence of hyperenhancement, defined as an area of signal enhancement ≥3 SD of the 

signal of non-enhanced myocardium. The total myocardial area and contrast-enhanced area 

per sector were traced manually. The extent of contrast enhancement was expressed as a 

percentage of the total myocardial area (Ahyperenhanced/Amyocardium × 100 , where A denotes 

area) (Fig. 1). The MRI data of corresponding sectors on different short-axis slices used to 

compose one myocardial segment were averaged to give one final value for the segmental 

extent of hyperenhancement (SEH). 

Assessment of segmental function. Wall motion was assessed by visual interpretation for 

each myocardial sector on each cross section using a five-point scale: 1 = normal 

contractility; 2 = mild to moderate hypokinesia; 3 = severe hypokinesia; 4 = akinesia; and 5 

= dyskinesia. The results of different sectors composing the different myocardial segments 

were averaged. Additionally, segmental end-diastolic wall thickness (EDWT) and wall 

thickening were determined by manual tracing of endocardial and epicardial borders in end-

diastolic and end-systolic stop-frame images, excluding trabeculations and papillary 

muscles. 

FDG-PET. Data were analyzed blinded to the MRI results and patient data, using a SUN 

work station (SUN Microsystem, Inc.) with Siemens/CTI software. Transaxial images were 

reoriented according to the anatomic axis of the heart. Reconstructed slices were displayed 

as short-axis slices and horizontal as well as vertical long-axis slices. Short-axis slices were 

oriented in the same way as described for ceMRI, using the posterior insertion of the right 
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ventricular wall with the LV as a landmark. Regions of interest (ROIs) were defined 

manually on each of the short-axis slices using the same segmentation model as for ceMRI. 

Corresponding ROIs from a variable number of slices were grouped in each patient to 

compose the 17 segments. For each segment, mean tracer uptake was calculated. Uptake of 

FDG in each segment was normalized to the myocardial segment with maximal tetrofosmin 

uptake. 
 

Table 3. Magnetic Resonance Imaging parameters in severely dysfunctional segments (n = 
165) according to the viability status by Positron Emission Tomography 

 

 

Definition of viability by PET . Segments with normal perfusion (tetrofosmin uptake 

≥50%) and metabolism (FDG uptake ≥50%) and segments with reduced perfusion 

(tetrofosmin uptake <50%) and normal or increased metabolism (mismatch) were 

considered viable. Segments with reduced perfusion and reduced metabolism (matched 

defect) were considered non-viable [22, 23, 24 and 25]. In two patients with a left bundle 

branch block, dysfunctional segments in the septum demonstrating FDG uptake <50% were 

considered viable if tetrofosmin uptake exceeded 50%, as FDG-PET may underestimate 

viability in the septal region in the presence of left bundle branch block [26]. 

Statistics. Data are expressed as the mean value ± SD. To compare the segmental results 

for EDWT, wall thickening, SEH, and FDG uptake by PET, depending on cardiac function, 

and to compare the segmental results for EDWT, wall thickening, and SEH, depending on 

the viability status as defined by PET, the unpaired Student t test at the Bonferroni-adjusted 

individual significance level (0.05/24; number of comparisons = 24) was performed. 

Recently described non-parametric analysis of overall sensitivities and specificities, as well 

as areas under the receiver operator characteristic (ROC) curves, were applied [27 and 28]. 

The area under the ROC curve (AUC) was considered as a measure of accuracy of ceMRI 

to discriminate between viable and non-viable myocardium, as defined by PET. The ROC 
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curve analysis was also used to assess the optimal cutoff point of the increase of SEH, as 

determined by ceMRI for the detection of segments with myocardial non-viability. 

Sensitivity and specificity were determined for viability or non-viability, as defined by 

PET. Computations were performed using SAS version 8.02 for Windows. 
 

 
Figure 2. Bar graph showing mean segmental extent of hyperenhancement by contrast-enhanced magnetic 
resonance imaging categorized according to 18F-fluorodeoxyglucose (FDG) uptake by positron emission 
tomography (PET).  

 

RESULTS 

A total of 391 segments in 23 patients were analyzed. Table 2 summarizes the results for 

EDWT, wall thickening, SEH, and FDG uptake by PET, depending on segmental cardiac 

function. Segments with normal wall motion or mild to moderate dysfunction showed 

normal metabolism and perfusion in 225 (99%) of 226 segments; of these, 169 segments 

demonstrated no hyperenhancement and 57 segments revealed subendocardial enhancement 

only (mean SEH 15 ± 11%). Segments with severe dysfunction (n = 165) showed normal 

metabolism/perfusion in 78 segments, a metabolism/perfusion mismatch in 38 segments, 

and a matched defect in 49 segments. Table 3 summarizes the results for SEH, EDWT, and 

wall thickening, depending on the viability status defined by nuclear imaging. Of 78 

dysfunctional segments with normal perfusion and metabolism, 50 segments (64%) showed 

no hyperenhancement and 28 segments (36%) demonstrated subendocardial 

hyperenhancement (25 ± 13% SEH). In 38 mismatched segments, there were six segments 

(16%) without hyperenhancement and 32 segments with hyperenhancement (40 ± 23% 
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SEH). In 49 segments with a matched defect, only one segment (2%) demonstrated no 

hyperenhancement, whereas 48 segments showed a large extent of hyperenhancement (82 ± 

20% SEH). A strong inverse correlation was found between FDG uptake by PET and SEH 

by ceMRI (r = −0.86, p < 0.001). The correlation between FDG uptake and EDWT (r = 

−0.51, p < 0.001) or wall thickening (r = −0.41, p < 0.001) was lower than that with ceMRI. 

Figure 2 shows mean SEH by ceMRI categorized according to FDG uptake by PET. 
 

Table 4. Sensitivity and Specificity of Different Thresholds of Segmental Extent of 
Hyperenhancement for the Detection of Non-Viable Myocardium by 18F-
Fluorodeoxyglucose–Positron Emission Tomography. 

 

 

 

  

 

 
Figure 3. The receiver operator characteristic analysis of the differentiation between viable and non-viable 
segments by contrast-enhanced magnetic resonance imaging using 18F-fluorodeoxyglucose-positron emission 
tomography as a reference standard.  
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Accuracy of ceMRI to predict viability by FDG-PET. To assess the ability of ceMRI to 

discriminate between viable and non-viable segments, as defined by FDG-PET, ROC 

analysis was performed on all segments with severe dysfunction. The AUC of ceMRI to 

predict myocardial viability defined by FDG-PET was 0.95 (95% confidence interval 0.93 

to 0.97) (Fig. 3). A threshold of ≤37% SEH was identified to yield optimal sensitivity and 

specificity for the differentiation of viable and non-viable segments defined by FDG-PET. 

Using this cutoff value, 100 segments were assessed as viable and 65 segments as non-

viable by ceMRI. Compared with FDG-PET, the sensitivity and specificity of ceMRI for 

the identification of non-viable myocardium were 96% and 84%, respectively. Table 4 

displays different sensitivity and specificity levels derived from the ROC curve for the 

detection of non-viable myocardium, as defined by PET, according to different thresholds 

of SEH, as assessed by ceMRI. 

Relationship of viability status by ceMRI and FDG-PET. Table 5 relates the viability by 

ceMRI to the viability status by FDG-PET. Concordance between the techniques was high 

for segments with normal metabolism/perfusion (95%) or a matched defect (96%). 

Mismatched segments demonstrated SEH ≤37% in 24 segments (63%). Uptake of FDG was 

lower in the mismatched segments with SEH >37% compared with the mismatched 

segments with SEH ≤37% (54 ± 3% vs. 71 ± 9%; p < 0.001). 

Figure 4 shows representative images of a patient with akinesia of the inferior wall, 

subendocardial hyperenhancement on ceMRI, and a metabolism/perfusion mismatch by 

PET and SPECT. Complete agreement between PET and ceMRI was present in 11 patients. 

Figure 5 shows an example of a patient with a match between ceMRI and PET. In the 

remaining 12 patients, the methods differed by one segment in four patients, two segments 

in five patients, and three segments in three patients. 

 

 
Table 5. Viability by Contrast-Enhanced Magnetic Resonance Imaging 
According to Viability Status by Positron Emission Tomography 
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Figure 4. (Top row) Representative tetrofosmin SPECT (left panel), FDG-PET (middle panel), and contrast-
enhanced magnetic resonance imaging (ceMRI) (right panel) images of the basal myocardial segments of the same 
patient. The SPECT image shows a perfusion defect extending from the septum to the inferior wall (white 
arrowheads). FDG-PET demonstrates preserved glucose metabolism in the same region (white arrowheads). On 
the ceMRI image, a subtle subendocardial area of hyperenhancement is seen extending from the inferoseptal to 
posterolateral myocardium (black arrowheads). (Bottom row) End-diastolic (left panel) and end-systolic (right 
panel) frames of the corresponding cine images. An area of akinesia extends along the same region as the 
hyperenhancement area. This area corresponds to non-contracting but viable myocardium. SPECT = single photon 
emission computed tomography. Other definitions are defined in Figure 2. To view image in colour see original 
citation. 

 

DISCUSSION 

Previous studies have suggested that myocardial hyperenhancement by ceMRI represents 

irreversible myocardial injury, thus allowing determination of myocardial viability. The 

aim of this study was to compare assessment of myocardial viability by ceMRI with 

metabolic imaging using FDG-PET, which is considered the in vivo reference standard for 

viability determination. For this purpose, we quantitatively analyzed the segmental extent 

of scar tissue by ceMRI and compared it with segmental FDG uptake by PET. The results 

demonstrate that non-viable segments by FDG-PET demonstrate a significantly larger 

extent of hyperenhancement compared with segments identified as viable by FDG-PET. 

Moreover, we found a progressive increase of scar among segments with normal 

perfusion/metabolism, reduced perfusion but preserved metabolism representing 

hibernating myocardium, and a matched perfusion/metabolism defect (Table 3). Using 

ROC analysis, the AUC was 0.95 for the discrimination of viable myocardium from scar, as 

defined by FDG-PET, reflecting high diagnostic accuracy. A cutoff value of 37% SEH was 

identified from the ROC curve to differentiate non-viable from viable myocardium with 
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optimal sensitivity and specificity. Thus, ceMRI allows accurate assessment of myocardial 

viability in patients with ischemic heart disease and severely reduced LV function. 

Comparison with previous studies. The results of the present study compare favorably 

with previous reports relating the extent of fibrosis to FDG-PET findings. Maes et al. [29] 

observed a similar extent of percentage volume fibrosis assessed on the basis of myocardial 

biopsy data (35 ± 25%) in segments showing non-viability by PET. Dakik et al. [30] 

demonstrated that ~30% of transmural scarring correlated with a lack of improvement in 

function after revascularization. In a recent animal experiment studying the relationship 

between ceMRI and regional inotropic response, Gerber et al. [31] demonstrated that only 

segments with <33% transmural extent of CE had inotropic reserve during dobutamine 

infusion, whereas segments with a higher (>33%) transmural extent of CE did not. The 

results of the present study are also in close agreement with a recent report by Klein et al. 

[32], who evaluated ceMRI and FDG-PET for viability assessment in a similar patient 

population. In their study, the AUC was 0.93, with a sensitivity of 86% and a specificity of 

94% for the detection of non-viability by FDG-PET. Additionally, a high correlation was 

reported between semiquantitative estimates of scar severity by ceMRI and PET (r = 0.91). 

Similarly, we observed a strong correlation between the segmental extent of scar by ceMRI 

and FDG uptake by PET (r = −0.86). This finding closely agrees with the results of a 

previous study relating the amount of fibrosis at histologic examination with regional 

thallium-201 activity (r = −0.85) in patients with chronic ischemic heart disease [33]. Other 

functional parameters that have been useful for the characterization of myocardial viability, 

such as regional wall thickness and wall thickening [5], correlated less well with FDG-PET, 

which is in line with the results reported by Klein et al. [32]. 

A high concordance was found between ceMRI and PET for assessment of the viability 

status of dysfunctional segments with normal perfusion/metabolism or a matched defect 

(Table 3). In segments with preserved metabolism but reduced perfusion (mismatch), 

reflecting hibernating myocardium, the results were less explicit. Sixty-three percent of 

segments scored viable and 37% of segments scored non-viable by ceMRI, using the 

threshold value of 37% SEH. The amount of enhancement averaged 33 ± 25% in this group 

of segments (Table 3). A similar extent of volume fibrosis at histologic examination in 

segments with hibernating myocardium of >6 months duration (41.9 ± 22.1%) has been 

reported in a previous study [34]. It should be considered that myocardial viability is a 

gradual phenomenon and that the dichotomous definition of viability used in the present 

study for ceMRI is related to the dichotomous definition of viability for FDG-PET. Thus, a 

segment with 50% SEH, although scored non-viable by ceMRI in the present study, 

demonstrates a large rim of viable myocardium. Even if recovery of function after 

revascularization is unlikely, restoration of blood flow may contribute to prevent further 
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ischemic injury and improve the clinical status and prognosis of the patient [34 and 35]. 

Moreover, while the cutoff value of 37% SEH is mathematically the best threshold, one 

might wish to choose a different cutoff value to minimize the chances of missing viable 

myocardium. Thus, as demonstrated in Table 4, a threshold of 50% would increase the 

specificity of detecting non-viable myocardium, thereby increasing the amount of segments 

scored viable by ceMRI. 
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Figure 5. Example of a patient with a 36-month-old posterolateral myocardial infarction. The 18F-
fluorodeoxyglucose-positron emission tomography images (left) reveal a defect in the posterolateral wall 
extending to the inferior wall at the basal (A), mid (B) and distal (C) ventricular level. Contrast-enhanced magnetic 
resonance imaging (right) shows transmural enhancement of a similar size in the same location (1,2,3). (Adapted 
from J Am Coll Cardiol 2003;41;p1347, fig 5). To view image in colour see original citation. 
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Study limitations. As in all studies comparing different imaging modalities, there is the 

possibility of image misalignment, which may account for some of the discrepancies 

between the FDG-PET and ceMRI results. Moreover, variability may be associated with 

averaging of MRI as well as PET and SPECT data, which was performed in order to 

compose the 17 myocardial segments. The MRI sequence used is susceptible to artifacts 

associated with patient movement or imperfect breath-holding, which can be erroneously 

interpreted as areas of hyperenhancement. Recovery of myocardial function after 

revascularization was not assessed in the present study. Thus, conclusions on the functional 

recovery of dysfunctional segments deemed viable by ceMRI cannot be drawn from the 

present study. Others have shown that recovery of function after revascularization is related 

to the transmural extent of hyperenhancement in patients with ischemic cardiomyopathy 

[17], with a gradual decrease in functional recovery paralleled by an increasing 

transmurality of hyperenhancement. In the study of Kim et al. [17], 73% (44/60) of 

segments with no hyperenhancement or with <50% transmural hyperenhancement 

improved function after revascularization. Based on these results, one might speculate that 

most of the dysfunctional segments assessed as viable by ceMRI in our study might have 

recovered function after restoration of adequate blood flow. Nevertheless, determination of 

contractile function after revascularization would be helpful to establish the relative 

importance of ceMRI and FDG-PET to predict functional recovery, which is considered an 

important outcome variable. Another limitation is that although the prognostic relevance of 

FDG-PET to predict morbidity and mortality is well established [2 and 36], data on ceMRI 

are scarce [37]. Thus, the prognostic relevance of ceMRI needs to be established in future 

studies. 

In conclusion, in patients with chronic ischemic heart disease and LV dysfunction, 

ceMRI allows detection of myocardial viability with a high accuracy, as compared with 

FDG-PET. Therefore, ceMRI should be considered as an alternative technique for 

assessment of myocardial viability in patients with chronic coronary artery disease and may 

be an alternative imaging modality in centers where FDG-PET is unavailable or less 

economical. Future studies should be directed at assessing the prognostic value of ceMRI to 

predict morbidity and mortality in patients with chronic ischemic heart disease and LV 

dysfunction. 
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ABSTRACT 

Background. We sought to evaluate the relation between long-term functional outcome 

after revascularisation in patients with chronic ischemic LV dysfunction and baseline extent 

of myocardial fibrosis.  

Methods. Thirty five patients underwent cine and delayed contrast-enhanced (de)CMR for 

the quantitative assessment of regional and global LV function and segmental extent of 

hyperenhancement (SEH). Function was assessed 1 month before, and 3, 6 and 24±12 

months after revascularisation, and temporal changes were related to baseline extent of 

hyperenhancement.  

Results. The likelihood of functional improvement was inversely related to the SEH during 

the entire follow-up: at the end of the study period, segments with 1-25%, 26-50%, 51-75% 

and 76-100% SEH were 2, 5, 11 and 86 times less likely to have functional improvement 

than segments without hyperenhancement (multilevel analysis, p<0.001). Although 

improvement continued over the whole study period in all SEH-groups, the time course was 

significantly more delayed in segments with more extensive hyperenhancement at baseline 

(multilevel analysis, p<0.001). 

Conclusions: In patients with chronic ischemic LV dysfunction, improvement of 

dysfunctional but viable myocardium can be considerably delayed. Both the likelihood and 

the time course of long-term functional improvement are related to the baseline amount of 

scar, as visualised by deCMR.  
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INTRODUCTION 

Functional outcome after revascularisation of chronic ischemic dysfunctional myocardium 

is related to the preoperative regional extent of fibrosis and the presence of a sufficient 

number of residual viable myocytes (1;2). However, functional recovery is often 

incomplete even in regions assessed as viable by a variety of techniques.  Several studies 

using delayed contrast enhanced cardiovascular MRI (deCMR) have shown that up to 22% 

of regions with little or no fibrosis do not improve (1;3;4). Although this may be partly 

attributed to incomplete revascularisation, or early or late graft failure, it may also be 

explained by the timing of the follow-up functional study. Functional recovery of 

hibernating regions, especially those with more advanced structural damage, may be 

considerably delayed. Functional outcome after revascularisation is generally assessed after 

3-6 months, whereas a longer interval would be more appropriate. So far, few reports have 

explored the time course of functional recovery in relation to baseline markers of viability 

(5-7). 

To address this issue, we used cine and deCMR to study a group of patients with 

chronic ischemic dysfunction before and 3, 6, and 24 ± 12 months after revascularisation. 

Using quantitative analysis of left ventricular function and regional extent of 

hyperenhancement, long-term functional outcome and time course of functional changes 

were related to baseline extent of fibrosis. 

 

METHODS 

Patients. All patients with known coronary artery disease and regional wall motion 

abnormalities on echocardiography or left ventricular (LV) angiography, without CMR 

contraindications, who were scheduled to undergo surgical or percutaneous 

revascularisation between April 2001 and February 2004, were study candidates. The 

Committee on Research Involving Human Subjects of the VU University Medical Centre, 

Amsterdam, approved the study protocol. All patients gave written informed consent. 

Initially, 120 study candidates were prospectively earmarked as potential study 

candidates from the CABG and PCI waiting lists at our hospital. Patients were initially 

contacted by phone and were offered study information by mail. Ten patients could not be 

reached in time before the revascularisation, 12 patients refused to participate directly 

without giving any reason, 14 patients were already participating in another study and 5 

other patients spoke neither Dutch nor English. The remaining 79 patients received the 

study information. 
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Table 1. Patients characteristics

Males/females 29/6

Age (yrs) 63 ± 11

Risk factors, %

Systemic hypertension 45

Diabetes mellitus 17

Hypercholesterolemia 31

Smoking 41

Positive family history 12

Coronary angiography, %

Single-vessel disease 14

Two-vessel disease 14

Three-vessel disease 72

History of myocardial infarction, % 59

Previous revascularisation, %

CABG 7

PTCA 3

Ejection fraction at baseline (%) 39 ± 11

Months between infarction and baseline CMR (range) 53 (2-177)

CABG = coronary artery bypass grafting; PTCA = percutaneous transluminal

coronary angioplasty  

 

They were contacted by phone again a week later and asked whether they would like to 

participate in the study. Seventeen patients refused to give their consent. Six patients were 

willing but could not participate for logistical reasons, e.g. scanner availability. One patient 

forgot his first MRI appointment 3 times in a row and was excluded by us from further 

participation. Another 2 patients appeared claustrophobic at the very beginning of the first 

examination and were not able to complete the study. Fifty-three patients completed CMR 

examination 4 ± 2 weeks before revascularisation. Three of them appeared not to be 

suitable for the study due to absence of wall motion abnormalities in 2 cases and no 

revascularisation in 1 case. CMR was repeated 3, 6 and 24  ± 12 months (median 26 

months, range 13 – 44 months) after revascularisation in 45, 41, and 35 patients, 

respectively. No patient died. Six patients were excluded from the study: in 1 patient the 

coronary artery bypass surgery (CABG) was accompanied by LV aneurysmectomy, 4 

patients had electrocardiographic and/or biochemical evidence of peri-procedural 

myocardial infarction, and 1 patient had a permanent pacemaker implanted. Two patients 

suffered a cerebrovascular accident. Follow-up was incomplete in the remaining 7 patients: 

no follow-up in 4 patients ((newly developed) claustrophobia in 2, fear of needles in 1, lack 

of motivation in 1), and 2 patients declined to return after the 3-month study, and 1 for the 
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3- and the 6-month study. The baseline characteristics of the 35 patients, who underwent all 

4 CMR examinations, are listed in Table 1. 

CABG was performed in 25 patients and percutaneous transluminal coronary 

angioplasty (PTCA) in 10. All patients were in stable clinical condition at the time of the 

CMR examinations and there was no clinical evidence of ischemic events in the period 

between the CMR examinations and revascularisation. Complete revascularisation was 

defined as revascularisation of all major epicardial vessels or first generation side branches 

with >50% diameter stenosis. For patients in whom revascularisation was incomplete, only 

segments in revascularised coronary artery territories were considered (8). 

CMR . All scans were performed on a 1.5T scanner (Sonata, Siemens, Erlangen, Germany) 

with the patient in a supine position using a four-element phased array cardiac receiver coil. 

ECG-gated cine images were acquired using a breath-hold segmented steady-state free 

precession sequence (true FISP; echo time/repetition time of 1.2/3.2ms; resolution of 1.3 x 

1.8 x 5mm). Per patient eight to ten short-axis views were obtained every 10mm starting 

from the mitral valve insertion and covering the entire left ventricle. A gadolinium-based 

contrast agent (Magnevist, Schering AG, Berlin, Germany; 0,2mmol/kg) was then 

administrated intravenously with a power injector through a peripheral vein. After 10 to 15 

minutes contrast-enhanced images were acquired in the same orientation as the cine images 

using a 2D-segmented inversion recovery gradient-echo pulse sequence triggered to end-

diastole (repetition time/echo time = 9.6/4.4 ms, flip angle 25˚, matrix 208x256 and a 

typical voxel size of 1.6 x 1.3 x 5.0). 

Data analysis. All data were analysed on a separate workstation (Sun Microsystems, Inc., 

Santa Clara, California) using a dedicated software package (MASS 5.1, Medis, Leiden, 

The Netherlands).  

Segmental function. Segmental wall thickness was measured at end-systole and end-diastole 

after manual tracing of endocardial end epicardial borders in stop-frame images, excluding 

trabeculations and papillary muscles. The contours were drawn blinded to patient identity, 

clinical history and scan time point. The analysis program used the modified centreline 

method (9) along 100 chords per short axis slice, and allowed the automatic segmentation, 

in which the number of chords per segment depended on the number of segments chosen 

(nr chords per segment = 100/nr of segments). Segmental wall thickness was calculated as 

the average of the chords within one segment. Segmental wall thickening (SWT) in 

millimetres was calculated as: end systolic wall thickness minus end diastolic wall 

thickness. The normal range of SWT was defined in a group of 10 healthy volunteers (age 

50 – 75 years): 4.4 ± 0.7 mm. Segments with SWT < 3 mm (mean – 2SD) were considered 

dysfunctional. Registration of follow-up cine images was achieved using standard imaging 

procedure and various anatomical landmarks such as right ventricle septal insertion sites, 
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papillary muscle location, and trabecularisation patterns in the right and left ventricles.  

Functional improvement was defined as an increase in SWT of ≥ 1.5 mm compared to 

baseline, based on the in-plane spatial resolution of the cine sequence. The results of 

intraobserver and interobserver (by 2 observers) variability of SWT were determined in 10 

randomly chosen patients. The time period between the repeated readings was 2 weeks. 

Images were evaluated using a 16-segment model (8). Using the full coverage cine short-

axis data set, six basal, six midventricular and four distal segments were composed by 

averaging the data of a maximum of three short-axis slices. The most basal short-axis slice 

used for composition of the basal segments was located just below the LV outflow tract. 

The two most apical slices were excluded, because short-axis images at this level preclude a 

reliable segmental evaluation due to small diameter. 

Global function. Left ventricular end-diastolic and end-systolic volumes (LVEDV and 

LVESV, respectively) were determined by planimetry of all short-axis images in each 

patient. Left ventricular ejection fraction (LVEF, in %) was calculated as (LVEDV – 

LVESV)/LVEDV. 

Segmental hyperenhancement. Hyperenhanced regions were quantified after standardisation 

by thresholding signal intensity contrast-enhanced images as previously described (10). 

Areas of hyperenhancement were quantified by computer-assisted planimetry on each of 

the short axis images and segmental extent of hyperenhancement (SEH) was expressed as 

percentage of segmental area. Images were evaluated according to the same 16-segment 

model as described above. All segments were assigned to one of the following SEH groups: 

1 - 0%, 2 – 1 to 25%, 3 – 26 to 50%, 4 – 51 to 75%, and 5 – 76 to 100% hyperenhancement. 

Statistical analysis. All values are expressed as mean ± SD. The paired sample t test and 

the independent samples t test were used to compare means within the study group or 

between subgroups. We used multilevel logistic regression (MlwiN, version 1.02.0007, 

Centre for Multilevel Modelling, London, United Kingdom) (11;12) to adjust for the 

nonindependence of the data, to evaluate the relation between baseline extent of 

hyperenhancement and change in segmental wall thickening. In this analysis we added a 

random intercept and we estimated the regression coefficients (as fixed effects and 

transformed them into the odds ratio’s) for the dummy variables, reflecting the different 

groups of hyperenhancement. We used the 0% SEH group as a reference, so all other 

groups were related to this one. The dummy variables for SEH were in the model as fixed 

effects. Because we only had two levels (segments clustered within patients) and no 

random slopes, there was no covariance of the random effects, so no particular structure 

was chosen. The regression equation was used to calculate odds ratios, which expressed the 

likelihood of improvement relative to functional outcome of segments without any 

hyperenhancement. The multilevel logistic regression was also used to evaluate time course 
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of regional functional improvement in relation to segmental extent of myocardial fibrosis. 

ANOVA for repeated measurements (using univariate estimation approach with the 

Greenhouse Geisser adjustment and testing the difference between baseline and post-

baseline measurements) was applied to analyse changes in global ventricular function. We 

used linear regression analysis to assess the relation between viability at baseline and 

changes in ejection fraction at late follow-up. Intraclass correlation coefficients were used 

for assessment of intra- and interobserver variability. All statistical tests were two-tailed, 

and p values of less than 0.05 were considerate to indicate statistical significance. 

 

RESULTS 

Regional function. At baseline 560 segments (35 patients x 16 segments) were available 

for analysis. 518 segments were successfully revascularised. Almost 50% of these segments 

(n=258) had a baseline SWT of less than 3 mm (mean 1.2 ± 1.0 mm) and were considered 

dysfunctional.  The interobserver variability for SWT was 0.1 ± 0.7 mm (mean difference 

between values of observer 1 (OB) and 2 (AMB); intraclass correlation coefficient = 0.89, 

95% confidence interval 0.55–0.98). The intra-observer variability for SWT was 0.0 ± 0.4 

mm (mean difference between 2 measurements (OB); intraclass correlation coefficient = 

0.97, 95% confidence interval 0.86 – 0.99).  

 

 

Table 2. Regional functional improvement

0% 1 - 25% 26 - 50% 51 -75% 76 - 100%

baseline 62 57 59 59 21

3 months 35 (56%) 19 (33%) 13 (22%) 4 (7%) 0

6 months 15 (24%) 16 (28%) 15 (25%) 7 (12%) 0

24 months 8 (13%) 5 (9%) 11 (19%) 10(17%) 1

total 58 (93%) 40 (70%) 39 (66%) 21 (36%) 1 (5%)

Regional functional improvement, expressed in absolute numbers of improved segments and

a percentage of baseline,  for every MRI examination according to segmental extent of hyper-

enhancement (SEH); n = number of dysfunctional segments at baseline.

SEH
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Figure 1. A. Likelihood of functional improvement after revascularisation in relation to baseline segmental extent 
of hyperenhancement (SEH), expressed as a percentage of total number of dysfunctional segments, at 3 months 
(black bars), 6 months (striped bars) and 2 years (white bars) follow-up. All dysfunctional segments are included 
(n=258). B. Time course of regional functional improvement in relation to baseline SEH, shown as the relative 
percentage of improvement at 3 months (black bars), 6 months (striped bars) and 2 years (white bars) follow-up. 
Only segments with functional improvement are included (n=159). 
 

Functional improvement. At the end of the study period, functional improvement was 

seen in: 93%, 70%, 66%, 36% and 5% of segments with no, 1-25%, 26-50%, 51-75%, and 

75-100% SEH, respectively (table 2, figure 1a). The likelihood of functional improvement 

was inversely related to the segmental extent of hyperenhancement during the entire 

follow-up: at the end of the study period, segments with 1-25%, 26-50%, 51-75% and 76-

100% SEH were 2 (1.1 - 3.6), 5 (2.5 – 8.6), 11 (5.0 – 20.1) and 86 (11.0 – 682.0) times less 
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likely to have functional improvement than segments without hyperenhancement 

(multilevel analysis, p < 0.001). Similar results were found when analysing the data with 

different cut-offs for segmental functional improvement (2, 2.5 and 3 mm SWT change), 

although the odds ratio’s were lower due to the lower number of improving segments at 

these higher cut-offs. 

Time course. The time course of functional improvement was considerably protracted: at 3 

months, improvement was seen in less than half of all segments that eventually improved 

(71 of 159; 45%). Although improvement continued over the whole study period in all 

SEH-groups, the time course was significantly more delayed in segments with more 

extensive hyperenhancement at baseline (multilevel logistic regression, p < 0.001; figure 

1b). At 3 months, the major part (54/98, 55%) of improvement in segments with no or 

minimal (≤25%) hyperenhancement was found in the first 3 months, versus only 28% 

(17/61) of improvement in segments with >25% hyperenhancement. Conversely, more than 

1/3 (22/61, 36%) of total improvement in segments with >25% hyperenhancement occurred 

between 6 months and the final follow-up, versus only a small fraction (13/98, 13%) in 

segments with no or minimal hyperenhancement. 

A total of 75 segments became dysfunctional at late follow-up. Twenty-two (18%) of 

124 segments that initially improved (mean SWT at baseline 1.8 ± 0.8 mm, 3 months 

follow-up 3.2 ± 1.3 mm, 6 months follow-up 3.3 ± 1.8 mm) showed a decrease in SWT 

>1.5 mm at late follow-up ending up as dysfunctional (mean SWT 1.4 ± 1.0 mm). At 

baseline, 10 of these showed no hyperenhancement, and 9, 2 and 1 segments had 1 – 25%, 

26 – 50% and 51 – 75% SEH, respectively. A similar proportion of revascularised segments 

with normal SWT at baseline (49 of 260 (19%)) became dysfunctional 2 years after 

revascularisation (mean SWT 4.4 ± 0.9 mm at baseline vs. 1.7 ± 0.9 mm at late follow-up). 

The long-term follow-up also revealed worsening of regional function in 4 of 25 (16%) 

initially normokinetic, non-revascularised segments (mean SWT 4.1 ± 1.0 mm vs. 2.6 ± 0.4 

mm). 

Global left ventricular function . Both end-diastolic and end-systolic LV volumes showed 

small but significant improvements at 3 months follow-up, with no additional changes at 6 

months and 2 years. The ejection fraction showed a small increase at all follow-up time 

points, which reached statistical significance only at 6 months. There were no statistically 

significant changes in LV mass. Data are summarised in figure 2a-c. 

For each patient we calculated a viability index by adding the number of dysfunctional 

segments with SEH ≤ 50 % and then dividing this by the total number of dysfunctional 

segments in the left ventricle. There was a significant, positive relation between the 

viability index and improvement in ejection fraction at late follow-up (regression 

coefficient r = 0.47, p = 0.005). 
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A  

B  

C  

Figure 2. Changes in global left ventricular parameters. A. LVEDVI = left ventricular end-diastolic volume index, 
B. LVESVI = left ventricular end-systolic volume index, C. LVEF = left ventricular ejection fraction. 
* Indicates statistically significant difference compared to baseline value. Bars represent standard deviation. P 
values are given for linear trend over time analysis. 

 

DISCUSSION 

This is the first study that used cardiovascular magnetic resonance imaging to evaluate 

long-term follow-up after revascularisation in patients with chronic ischemic myocardial 
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dysfunction. Our results showed that both likelihood and time course of functional 

improvement were related to the amount of baseline myocardial scar. 

Long-term functional outcome after revascularisation. Previous studies have shown a 

variety of degenerative changes at cellular and subcellular level in histological assessment 

of targeted biopsies taken at the time of CABG (13;14). Increased extracellular matrix, with 

replacement of cardiomyocytes by fibrosis, is considered to have a central role in the 

likelihood and time course of functional recovery after restoration of blood flow. Although 

the exact mechanism of hibernation is still not fully understood, several investigators have 

found a relation between functional outcome after revascularisation and the degree of these 

morphological changes (7;13-17). Delayed contrast enhanced CMR allows the accurate 

visualisation and quantification of regional scar, and is of proven value in the assessment of 

myocardial viability (1;3;18;19).  

Extending previous work, our results showed that functional outcome was inversely 

related to the baseline segmental extent of hyperenhancement at every time point of the 

study. Compared to earlier studies using deCMR, we found a relatively low improvement 

rate at 3 months; for example, only 56% of segments without hyperenhancement improved 

versus 78% reported by Kim et al (1). However, at the end of the study period, 

improvement rate was higher than previously reported in all groups with less than 

transmural (<75%) enhancement. For example, after 2 years, almost all segments without 

hyperenhancement (93%) showed functional improvement. 

Time course of recovery. Our results clearly show that delayed recovery is common in 

successfully revascularised hibernating myocardium, and that this was not limited to 

regions with more extensive structural damage, but that it also occurred in regions with no 

hyperenhancement. In all SEH-groups, a comparable number of segments continued to 

show improvement throughout the study period. However, the relative time course differed 

considerably, and, in fact, was inversely related to the segmental extent of 

hyperenhancement. Thus, both long-term likelihood and time course of functional 

improvement were predicted by the degree of morphological changes at baseline.  

Previous reports have shown that morphological changes are paralleled by metabolic 

alterations: regional scar extent was inversely related to FDG-uptake by PET (2;20). 

Outcome was best in segments with both a thick viable rim > 4.5 mm (indicating limited 

scar extent) and preserved FDG-uptake, whereas segments with impaired FDG-uptake 

(indicating more severe metabolic disturbance) had low likelihood of recovery despite the 

presence of thick viable rim (2). However, follow-up in this study was shorter (11 ± 2 

months) and our data suggest that segments with a higher degree of metabolic disturbance 

may require a longer time to recover.  
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In line with previous studies, we found that the negative predictive value of (almost) 

transmural hyperenhancement was high: only 1 segment with >75% SEH improved after 

revascularisation. Apparently, extensive morphological changes preclude functional 

improvement, although technically we cannot rule out the possibility that some 

improvement would have occurred at an even longer follow-up time in segments with only 

little residual non-enhancing myocardium (>75-<100% transmurality).  

Significant improvement in global LV function after revascularisation requires a 

substantial amount of viable myocardium (21). Long-term data are scarce, since most 

viability studies have focused on short term (≤6 months after revascularisation) changes in 

regional function. In our study group there was a significant positive relation between the 

amount of dysfunctional but viable myocardium at baseline, estimated per patient, and 

improvement in the ejection fraction at late follow-up. However, we only found small 

changes in mean global LV function after revascularisation, even at late follow-up, which 

suggests that the improvement in regional function may not have been enough for global 

improvement. Alternatively, the regional improvement may have been partly offset by the 

72 newly dysfunctional segments (13% of total) at late follow-up. Changes in global 

function are also influenced by several other factors, such as baseline volumes and ejection 

fraction, periprocedural ischemic accidents, and long-term graft failure or restenosis.  

Limitations . Only 35 patients completed the whole study protocol, however this sample 

size is comparable with previously published studies that used deCMR and cine imaging in 

patients with chronic ischemic heart disease and a revascularisation procedure (1;2). We 

chose a 16-segment model for the regional evaluation of LV function, because this can be 

directly translated into clinical practice. Transforming the CMR data into a limited number 

of segments involves averaging information of several slices. Although averaging data has 

the obvious disadvantage that some detail may be lost, it may at the same time help to 

prevent misregistration of follow-up scans, which is an important potential limitation in any 

long-term follow-up study of regional function. Although observers were unaware of 

patient identity during analysis of the cine data, follow-up studies could be identified by the 

presence of sternal wire or stent artefacts. It was not possible to differentiate between the 

various post procedural time points. 

In conclusion, in patients with chronic ischemic left ventricular dysfunction, 

improvement of dysfunctional but viable myocardium after revascularisation can be 

considerably delayed. Both the likelihood and the time course of long-term functional 

improvement are related to the baseline amount of scar, as visualised by deCMR. 
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ABSTRACT 

The assessment of regional left ventricular function provides important diagnostic and 

prognostic information. Reports that have systematically evaluated the normal range are 

scarce and outdated. In this study we used state-of-the-art cine cardiovascular MRI and the 

centerline method in 36 healthy volunteers to assess regional wall thickness and wall 

thickening in a 16-segment model. Data were presented in graphic format and in tables. 

Regional end-diastolic and end-systolic wall thickness and percent systolic wall thickening 

showed significant heterogeneity that was in line with previous reports.  Regional percent 

systolic wall thickening was significantly related to regional circumferential strain. There 

was no difference in parameters between individuals younger than and older than 40 years. 

This study provides the normal range of regional left ventricular wall thickness and 

thickening using cine cardiovascular MRI and myocardial tagging. 
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INTRODUCTION 

Global left ventricular function determines prognosis and management in a great variety of 

cardiovascular diseases, and its assessment plays a central role in the diagnostic work-up 

[1]. Although the assessment of regional function per se has less prognostic significance, it 

provides important information about the origin of the underlying disorder, its relation to 

the coronary arteries, and, importantly, it may detect abnormalities while global parameters 

are still well within the normal range. The quantitative assessment of regional thickening is 

challenged by through-plane motion and myocardial deformation in other than the radial 

direction, such as circumferential or longitudinal shortening. Regional function is therefore 

ideally quantified using cardiovascular magnetic resonance (CMR) myocardial tagging and 

subsequent strain analysis [2]. In daily practice, strain analysis is seldom used, because it 

requires additional post processing tools and time and the majority of clinical questions can 

be answered using a qualitative (eye-balling) approach. However, on some occasions, e.g. 

with longitudinal follow-up examinations, or for research purposes when tagging sequences 

or analysis tools are not available, a more objective measure would be preferable. Regional 

wall thickening can be quantified using the centerline method that was introduced in the 

early 1980’s for use with contrast ventriculography, and was later modified for 

echocardiography and cine CMR [3-5]. The centerline method is based on the concept that 

systolic wall motion and thickening proceed in a multicentric fashion rather than directed at 

a single central point or axis in the left ventricular chamber [6]. Cine CMR is ideally suited 

for the centerline method, because both epicardial and endocardial borders can be reliably 

detected throughout the cardiac cycle.  

Compared to the number of reports on global function, there are surprisingly few CMR 

studies that have addressed quantitative regional wall thickening in healthy volunteers, all 

using older cine sequences and generally presenting the data in graphs, which is impractical 

for clinical use. The currently available, segmented, steady state free precession (SSFP) 

cine CMR sequence allows a sharper definition of the blood-myocardium border than 

previously used sequences. In addition, most scanners now routinely use retrospective ECG 

gating which leads to slightly though significantly larger end-diastolic ventricular 

endocardial contours [7]. The resulting changes in normal values of wall thickness, systolic 

wall thickening, volumes and mass have been addressed in recent publications on global 

parameters [8,9]. Data for regional function are still lacking which is illustrated by the use 

of old echocardiographic reference values even in CMR studies [10]. 

In the present study we therefore sought to provide normal values for quantitative 

regional myocardial function using state-of-the-art cine CMR including retrospective ECG-

gating. To evaluate the relation between (simple) regional systolic wall thickening and the 
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current golden standard of quantitative regional function (myocardial tagging), data were 

additionally compared to circumferential strain analysis. 

 

METHODS 

Patients. Thirty-six healthy volunteers (mean age 43±13 yrs, range 24-62, 56% male, blood 

pressure 124/73 ± 12/7) without known cardiac disease or cardiac risk factors, with normal 

physical examination and electrocardiogram, and without contra-indications to CMR (intra-

cranial clips, claustrophobia, etc) were included in the study.  

CMR . All images were acquired on a 1.5 T MR-scanner (Sonata, Siemens, Erlangen) with 

patients in supine position, using a six-element phased array surface coil, and mild 

expiration breath holding. After localizing scouts, long axis views and multiple short axis 

views (every 10 mm, covering the entire left ventricle) were acquired using a 

retrospectively gated SSFP cine pulse sequence (average voxel size 1.3x1.6x5 mm3, TR/TE 

1.5/3.0, temporal resolution 38-45 msec). Myocardial tagging images with a high temporal 

resolution of 14.1 ms were obtained with multiple breath-hold, retrospectively gated, SSFP 

imaging (average voxel size 1.6x3.8x6 mm3,TR/TE 4.7/2.3, tag spacing 7 mm) using the 

linearly increasing start-up angle (LISA) approach [11]. Complementary tagging 

(complementary spatial modulation of magnetization, CSPAMM) was used for improved 

tag contrast and strain analysis [11]. Three left ventricular (LV) short axis slices were 

acquired at 25%, 50% and 75% of the distance between the mitral valve annulus and the 

apex on a LV 4-chamber view in end-systole to avoid inclusion of the LV outflow tract, 

with 4 image series per slice: horizontally and vertically tagged images with both positive 

and negative sinusoidal tagging for CSPAMM. Total imaging time per slice was ~4 

minutes. 

Image analysis. Images were analyzed on a separate workstation (Sun Microsystems, Inc., 

Santa Clara, California) using a dedicated software package (Mass, Medis, Leiden, The 

Netherlands). 

Cine CMR. Epicardial and endocardial contours were drawn semi-automatically on end-

diastolic and end-systolic views. In the endocardial contour, only compacted myocardium 

was considered, and papillary muscles and trabecularization were carefully excluded, both 

in the end-diastolic and the end-systolic images (figure 1). Regional end-diastolic wall 

thickness (EDWT, mm), end-systolic wall thickness (ESWT, mm), systolic wall thickening 

(SWT = ESWT – EDWT, mm) and percent systolic wall thickening (%SWT = ESWT – 

EDWT / EDWT, %) were subsequently calculated using the modified centerline method 

[4,5]. Inter- (AMB, TG) and intraobserver (TG) variability of systolic wall thickening 

analysis were defined in 10 randomly chosen subjects. 
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Figure 1. Example of contours on midventricular end-diastolic (a) and end-systolic (b) image. Note that 

trabecularizations (arrows) and papillary muscles (asterisks) were excluded in both phases. 

 

 

Strain analysis. Strain analysis was performed using the harmonic phase method, as 

described previously [13]. Circumferential strain (Ecc) was calculated from the Lagrangian 

strain tensor as the percent change in length of a small line segment in the circumferential 

direction and was averaged per segment. Because the fibers at the midwall are mainly 

oriented in the circumferential direction, only strain data from the mid-50% of the 

myocardial wall were used [14].  

Segmentation. A standard 16-segment model was used to analyse regional function in the 3 

short axis tagging views and 3 matching cine views at basal (6 segments: anterior (ant); 

anteroseptal (as); inferoseptal (is); inferior (inf); inferolateral (il); anterolateral (al)), mid (6 

segments: ant; as; is; inf; il; al) and apical (4 segments: ant; septal (sep); inf; lateral (lat)) 

left ventricular level [15]. Mean segmental values were compared within each slice and 

between slices. For comparison between slices, results of segments 2 and 3 (basal septal), 5 

and 6 (basal lateral), 8 and 9 (mid septal) and 11 and 12 (mid lateral) were averaged to 

allow comparison to the apical segment. 

Statistical analysis. Results are presented as mean ± SD. Since segments are clustered at 

multiple levels, we used Mixed Models Analysis to compare segmental parameters EDWT, 

SWT, %SWT and Ecc within slices, and between slice levels and age groups (SPSS for 

Windows, version 14.01). Correlation between %SWT and Ecc were explored using 

Pearson’s correlation and the F-test for equality of variances. 
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RESULTS 

Mean end-diastolic volume was 185±39 g (94±14 ml/m2), end-systolic volume 74±20 g 

(37±8 ml/m2), ejection fraction 61±4%, and mass 105±28 g (54±11 g/m2). Mean segmental 

and total values, as well as lower limits of normal are listed in tables 1 and 2, and are 

graphically presented in figures 2 and 3. Inter- and intraobserver variability of systolic wall 

thickening analysis were 0.1 ± 0.7 and 0.0 ± 0.4, respectively (mean difference ± SD in 

mm). 

End-diastolic wall thickness. Mean EDWT was 5.2±1.3 mm (range 2.1-9.7). It was largest 

in the septum at all levels, and significantly decreased in apical direction (p<0.001).  

Systolic wall thickening. Mean SWT was 4.4±1.3 mm (range 1.4-9.1) and, as EDWT, 

significantly decreased in apical direction: 4.7±1.4 vs 4.3±1.2 vs 3.9±1.2 mm in the basal, 

mid and apical slice, respectively (p<0.001).  

Percent systolic wall thickening. Mean %SWT was 89±29% (range 22-180), and higher in 

the apical slice: 86±30 vs 86±27 vs 96±30% (p<0.001 vs basal and mid). %SWT was 

lowest in the septal segments and highest in the lateral segments at every slice level 

(p<0.001). There was a fair correlation between SWT and %SWT (Pearson’s correlation 

0.652, p<0.001). 

Circumferential strain. Mean Ecc was –17.4±3.5% (range –26.2 - –9.7), and was lowest 

in the apical slice: -17.7±3.3 vs –17.8±3.5 vs –16.2±3.7% (p<0.001 vs basal and mid). Ecc 

was highest in the lateral segments at every slice level (p<0.001).  

There was a significant correlation between %SWT and Ecc (Pearson correlation -0.111, 

p<0.01). Segmental Ecc was significantly less dispersed than segmental %WT: coefficient 

of variation (SD/mean * 100): 20% vs 33% (p<0.001). We found no correlation between 

SWT and Ecc. 

Age. There was no significant difference in segmental EDWT, SWT, %SWT or Ecc 

between individuals younger than and older than 40 years. 

 

DISCUSSION 

Regional left ventricular wall thickening can be studied with a variety of imaging 

techniques: contrast- or radionuclide ventriculography, echocardiography, computed 

tomography, and cine CMR. 2D-echocardiography provides a bedside and fast qualitative 

assessment of regional wall motion, and is the method of choice in acute clinical settings. 

However, it does not allow a reliable quantification of wall thickening, despite increasing 

technology (3D) and the use of contrast. In this study we sought to provide normal values 

for regional systolic wall thickening for state of the art SSFP cine CMR imaging, using the 

centerline method in a 16-segment model.  
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Figure 2. Segmental EDWT (a), SWT (b), %SWT (c) and Ecc (d) in basal      , mid       and apical      slices. P-

values reflect comparison within slices only. Abbreviations see text.  

a. * p<0.05 vs ant, is, inf, il, al; † p<0.01 vs ant, inf, il, al; ‡ p<0.05 vs ant, is, il, al; p<0.01 vs ant, inf, il, al; ¶ vs 

ant, inf, lat 

b. * p<0.01 vs all; † p<0.05 vs ant, as, al; ‡ p<0.01 vs is, inf, il, <0.05 vs al; § p<0.01 vs inf, il, al 

c. * p<0.01 vs all; † p<0.01 vs as, al; ‡ p<0.01 vs ant, as, al; § p<0.05 vs il, al; ¶ p<0.01 vs ant, lat 

d. * p<0.01 vs ant, as, is, inf; † p<0.05 vs ant, is, inf; ‡ p<0.01 vs all; § p<0.01 vs ant, as, inf, al; ¶ p<0.05 vs as, 

inf; ¥ p<0.05 vs all; # p<0.01 vs sep, inf 
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Figure 3. Segmental EDWT (a), SWT (b), %SWT (c) and  Ecc (d) per slice. Septal and lateral segments at basal 

and mid level were averaged to allow comparison to apical slice. Abbreviations see text. P<0.01 unless stated 

otherwise. 
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SSFP cine CMR is ideal for the assessment of both global and regional function, 

because of the excellent spatial resolution and the high contrast between the blood pool and 

the myocardium. In line with previous studies, our data show heterogeneity of regional 

function, both within and between slices [16-19]. %SWT was significantly related to Ecc, 

and both showed a comparable regional variation with lower values in the septum and 

higher values in the free wall. However, the correlation was low, with discrepancies most 

obvious in the basal and mid septum. %SWT in the basal septum was exceptionally low, 

compared to other regions, and also to Ecc. This may be partly explained by the effects of 

through-plane motion caused by shortening along the left ventricular long axis, which is 

most prominent in the basal slice [20]. This results in different parts of the myocardium 

scanned in end-diastole and end-systole, and could have led to falsely low thickening 

values because the left ventricular outflow tract partly replaced the basal septum in the 

fixed scan position. Correction for this systolic shift by choosing a more apical slice as end-

systolic image is not possible because of regional differences, which range from 15 mm in 

the inferior wall to 10 mm in the septum. Selective presaturation and suppression of slice-

adjacent tissue with the use of a thick systolic slice has been suggested as a possible 

solution [20].  

%SWT and Ecc were relatively homogenous in the basal and mid slice but showed a 

different pattern in the apical slice: %SWT was highest, and Ecc was lowest. Previous 

studies have demonstrated greater %SWT in the apical slices, whereas reports on Ecc have 

produced conflicting results [19,21-23]. Lower Ecc and higher %SWT may be explained by 

the fibre architecture in the apical parts of the left ventricle. These lack the midwall 

circumferentially arranged fibres that are found in the basal and mid parts, which may favor 

radial thickening over circumferential shortening [14]. 

Götte et al previously showed that strain analysis is superior to wall thickening for the 

detection of myocardial infarction associated regional dysfunction  [24]. However, in this 

study, the standard deviation of %SWT (using FLASH gradient-echo cine CMR in 13 age-

matched volunteers) was so high that the lower limit of normal (defined as mean–2SD) was 

zero or even negative in almost all regions. Although we still saw considerable spread in 

%SWT, the average mean–2SD in our study was 30%, which seems a more realistic value. 

Mean EDWT in our group of healthy volunteers was 5.2±1.3 mm, with upper limits of 

normal (mean + 2 SD) in the basal septum and in the lateral wall 9.2 and 8 mm, 

respectively. Both are considerably lower than the traditional cut-off for regional 

hypertrophy in echocardiography textbooks (12 mm) [25]. This can be explained by the 

accurate visualization of the blood-myocardial border. This allows the reliable exclusion of 

myocardial trabeculations and papillary muscles from wall thickness measurements and 

assessment of the true change in myocardial wall thickness (figure 1). However, myocardial 
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mass calculated in this way will not correspond to the pathological-anatomic assessment of 

mass that will include both trabeculations and papillary muscles. Future studies will have to 

explore the effect of these findings on the definitions of hypertrophy and viability. 

Expressing wall thickening in (absolute) millimeters makes the parameter independent 

of base line end-diastolic wall thickness. Although we found a fair correlation between 

SWT and %SWT, there was no correlation between SWT and Ecc, suggesting that SWT 

may not be suitable for the assessment of regional function.  

In our study group, age did not influence any of the regional parameters. However, the 

study group was relatively small and we only examined morphological and systolic 

parameters. Previous work suggested that, in otherwise healthy subjects, parameters of 

diastolic function do show significant age-related changes [26,27]. 

Quantifying regional function with the centerline method has distinct limitations. It only 

provides a planar view of the radial component of myocardial deformation, does not take 

into account the circumferential, longitudinal or rotational motion. In addition to the effects 

of through-plane motion that are most important in the basal slice, the apical slice crosses 

the curved myocardial wall in an oblique fashion. Although our slice thickness of only 5 

mm (compared to 10 mm in most previous studies) minimizes this potential error, it may 

still result in some overestimation of wall thickness. Methods to overcome these effects 

have been described, but significantly complicate the calculation of SWT, thus making 

them unsuitable for clinical use [28,29]. 

Despite its limitations, %SWT remains a valuable parameter of regional left ventricular 

function because it is naturally appealing and directly relates to the visual assessment of the 

imaging cardiologist. Further more, analysis of %SWT using the centerline method is quick 

and can be processed on-line at the scanner, simultaneously with the analysis of global left 

ventricular parameters.  

In this study, we provided the normal range for percent segmental systolic wall 

thickening with state-of-the-art cine CMR imaging, and compared the data to the golden 

standard of regional function, circumferential strain analysis. Our results showed the 

normal heterogeneity of %SWT, and a low but significant correlation between %SWT and 

Ecc. Future studies are required to evaluate the performance of our dataset in patients with 

(suspected) myocardial disease. 
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ABSTRACT 

Background. Quantification of late gadolinium enhanced cardiovascular MRI (LGE) by 

objective window setting increases reproducibility and facilitates multicenter comparison 

and cooperation. So far, quantification methods or models have only been validated to 

postmortem animal studies. This study was undertaken to evaluate quantification of LGE in 

relation to the clinical standard of viability, i.e. functional outcome after revascularization. 

Methods. Thirty-eight patients with chronic ischemic myocardial dysfunction underwent 

cine and LGE 1 month before and cine CMR 6 months after coronary revascularization. 

Hyperenhancement was quantified by thresholding window setting at: 2-8SD above mean 

signal intensity of a remote normal region, and according to the full width at half maximum 

method (FWHM). Dysfunctional segments were divided in 5 groups according to 

segmental extent of hyperenhancement (SEH): SEH 1 – no hyperenhancement to SEH 5 – 

76-100% with each quantification method. 

Results. Quantification methods had a strong influence on SEH and total infarct size. 

Multilevel analysis showed that thresholding contrast images at 6SD best predicted 

segmental functional outcome after revascularization, but the difference with other methods 

was small and non-significant. 

Conclusions. Simple thresholding techniques strongly influence global and segmental 

extent of hyperenhancement, but have relatively little influence on the accuracy to predict 

segmental functional improvement after revascularization. 
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INTRODUCTION 

Revascularization of dysfunctional but viable myocardium may lead to reversed 

remodelling, improved regional and global function and better prognosis in patients with 

chronic ischemic heart disease [1]. The diagnostic accuracy of imaging modalities to 

predict functional outcome is influenced by the definition of disease (what is viable). 

Although visual or qualitative analysis may provide satisfactory results, standardization and 

quantification of these definitions increases reproducibility and reliability in follow-up 

studies, and facilitates comparison between different centers. 

Late gadolinium-enhanced cardiovascular magnetic resonance imaging (LGE) 

accurately visualizes the transmural extent of ischemia-related scar and has been shown to 

predict the likelihood of functional improvement after revascularization [2,3]. Several 

methods have been proposed to differentiate hyperenhanced, non-viable from non-

enhancing, viable myocardium, all using the in-slice signal intensity of infarcted or remote 

myocardium, and ranging from simple thresholding to more complex computer algorithms. 

We have previously shown that the use of common thresholds based on the suppressed 

signal of remote myocardium may lead to considerable overestimation of the infarct size 

[4]. However, in this study, we used visual estimation as the reference standard. Although a 

number of experimental studies have used ex-vivo imaging or 2,3,5-triphenyltetrazolium 

choride (TTC) staining to determine the optimal threshold of hyperenhancement, so far, no 

study has used the clinically useful standard of viability i.e. functional outcome after 

revascularization [5-7]. 

Therefore, the aim of this study was to evaluate the relation between quantification of 

LGE and functional outcome after revascularization in patients with chronic ischemic 

myocardial dysfunction. To quantify LGE, we chose simple thresholding techniques that 

are easily applicable in any clinical or research situation. 

 

METHODS 

Patients. All patients with known coronary artery disease and regional wall motion 

abnormalities on echocardiography or left ventricular (LV) angiography, without CMR 

contraindications, who were scheduled to undergo surgical or percutaneous 

revascularisation, were study candidates. The Committee on Research Involving Human 

Subjects of the VU University Medical Centre, Amsterdam, approved the study protocol. 

All patients gave written informed consent.  

Forty-seven patients were initially included in this study protocol. After 

revascularization, 7 patients were excluded because of left ventricular aneurysmectomy (1), 

electrocardiographic and/or biochemical evidence of peri-procedural myocardial infarction 
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(defined as post procedural peak CK-MB >3 upper limit of normal) (4), pacemaker 

implantation (1), and incomplete data (1). During analysis, 2 more patients were excluded 

because of absence of wall motion abnormalities at baseline and non-diagnostic image 

quality, leaving 38 patients as the final study group. All patients were in stable clinical 

condition at the time of both CMR examinations without clinical evidence of ischemic 

events during the study period.  

CMR . CMR scans were acquired at 4±4 weeks before and 30±4 weeks after 

revascularisation. All scans were performed on a 1.5T scanner (Sonata, Siemens, Erlangen, 

Germany) with the patient in a supine position using a four-element phased array cardiac 

receiver coil. ECG-gated cine images were acquired using a breath-hold segmented steady-

state free precession sequence (true FISP; echo time/repetition time of 1.2/3.2ms; resolution 

of 1.3 x 1.8 x 5mm). Per patient eight to ten short-axis views were obtained every 10mm 

starting from the mitral valve insertion and covering the entire left ventricle. Ten to 15 

minutes after injection of a gadolinium-based contrast agent (Magnevist, Schering AG, 

Berlin, Germany; 0,2mmol/kg) contrast-enhanced images were acquired in the same 

orientation as the cine images using a 2D-segmented inversion recovery gradient-echo 

pulse sequence triggered to end-diastole (repetition time/echo time = 9.6/4.4 ms, flip angle 

25˚, inversion time set to suppress signal from remote myocardium, matrix 208x256 and a 

typical voxel size of 1.6 x 1.3 x 5.0).  

Data analysis. All data were analysed on a separate workstation using a dedicated software 

package (MASS v15, 2008, Medis, Leiden, The Netherlands).  

Segmental function. Segmental wall thickness was measured at end-systole and end-diastole 

after manual tracing of endocardial end epicardial borders in stop-frame images, carefully 

excluding trabeculations and papillary muscles. The observer (OB) was blinded to other 

patient or imaging data such as extent of coronary artery disease, use of medication and 

results of the LGE analysis. Baseline and follow-up slices were analysed separately after 

registration using the scanner slice position and various anatomical landmarks such as right 

ventricle septal insertion sites, papillary muscle location, and trabecularization patterns in 

the right and left ventricles.  Although the observer was unaware of the timing of the study, 

blinding to pre-/postoperative status was impossible because of the artifacts related to 

sternal wires. For segmental analysis, the 2 most basal and apical slices were excluded 

because of the left ventricular outflow tract and partial volume effects, respectively. The 

remaining slices were divided into 6 segments each, starting at the inferior insertion of the 

right ventricle to the septum. Segmental wall thickening (SWT) in millimetres was 

calculated as: end systolic wall thickness minus end diastolic wall thickness. Segments with 

SWT <3 mm (mean – 2SD) were considered dysfunctional [4]. Functional improvement 

was defined as an increase in SWT of ≥1.5 mm compared to baseline. Intraobserver and 
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interobserver variability of SWT were 0.0 ± 0.4 mm (mean difference between 2 

measurements (OB); intraclass correlation coefficient = 0.97, 95% confidence interval 0.86 

– 0.99), and 0.1 ± 0.7 mm (mean difference between values of observer 1 (OB) and 2 

(AMB); intraclass correlation coefficient = 0.89, 95% confidence interval 0.55–0.98), as 

reported previously [3]. 

Global function. Left ventricular end-diastolic volume (EDV) and end-systolic volumes 

(ESV) were determined by planimetry of all short-axis images in each patient and indexed 

to body surface area. Left ventricular ejection fraction (EF, %) was calculated as (LVEDV 

– LVESV)/LVEDV * 100%.  

Hyperenhancement. Endocardial and epicardial contours were manually traced, again 

avoiding papillary muscles and trabecularizations. Hyperenhanced regions were then 

determined in the following ways: 

I. After thresholding signal intensity at 2-8 standard deviations (SD) above the mean 

signal intensity of remote normal myocardium in the same slice. A region of interest of 0.5-

1 cm2 was manually drawn and placed in remote normal myocardium (defined as normal 

function without hyperenhancement on visual assessment). If a slice contained no remote 

normal myocardium, mean and SD of the nearest slice with normal remote myocardium 

was used; if the 2 neighbouring slices contained normal myocardium, mean and SD were 

averaged. 

II. After thresholding signal intensity using the full-width at half-maximum (FWHM) 

method that defines the hyperenhanced area by using 50% of the maximum signal found 

within the hyperenhanced area. The maximum signal was found by computer-assisted 

window thresholding of the hyperenhanced area. If no hyperenhancement was found in a 

slice, the maximum signal of the nearest slice with hyperenhancement was used; if the 2 

neighbouring slices showed hyperenhancement, maximum signals were averaged. 

All areas of hyperenhancement were quantified by computer-assisted planimetry on 

each of the short axis images and segmental extent of hyperenhancement (SEH) was 

expressed as percentage of segmental area.  Obvious artifacts such as caused by motion 

were excluded by highlighting them using a tool from the software package. Other small 

isolated regions of hyperenhancement that were clearly not of ischemic origin (like small 

subepicardial spots) were also excluded from analysis. Total infarct size was calculated by 

summation of all slice volumes of hyperenhancement, i.e. including the slices that were 

excluded for segmental analysis. 

Statistical analysis. The paired sample t test (with Bonferroni correction) and the 

independent samples t test were used to compare means within the study group or between 

subgroups. To account for the non-independence of the data, we used multilevel logistic 

regression (MlwiN, version 1.02.0007, Centre for Multilevel Modelling, London, United 



 150

Kingdom) to analyse the relation between SEH and the likelihood of improvement. Details 

of the multilevel analysis have been published previously [3]. All dysfunctional segments 

were assigned to one of the following groups according to SEH: 1 - 0%, 2 – 1 to 25%, 3 – 

26 to 50%, 4 – 51 to 75%, and 5 – 76 to 100% hyperenhancement. The regression 

coefficients were used to calculate odds ratios that express the likelihood of improvement 

of SEH-groups 2-5 relative to SEH-group 1. To compare the different quantification 

methods, multilevel analysis was repeated assuming a linear correlation between SEH and 

likelihood of improvement, which generates one regression coefficient per method. 

Receiver operating characteristics (ROC) analysis was used to find the SEH cut-off with 

highest diagnostic accuracy to predict segmental functional improvement. 

Improvement in ejection fraction was defined as an increase from baseline to follow-up 

of ≥ 5%. Since the number of viable segments per patient is not normally distributed, the 

Mann-Whitney test was used to compare these between patients with and without improved 

ejection fraction. 

All values are expressed as mean ± SD. P-values <0.05 were considered statistically 

significant. 

 

 
Table 1. Patient characteristics.

Number of patients 38

Age (sd) 62 (10)

Men 33 (87%)

Diabetes 10 (26%)

Hypercholesterolemia 7 (18%)

Hypertension 8 (21%)

Smoking 13 (34%)

1-vessel disease 4 (11%)

2-vessel disease 10 (26%)

3-vessel disease 24 (63%)

Medication

aspirin 22 (58%)

acenocoumarol 16 (42%)

betablockers 29 (76%)

statins 29 (76%)

ace-inhibitors 20 (53%)

PCI* 9 (24%)

CABG** 30 (76%)

mean nr grafts (sd) 3,6 (1,1)

* percutaneous coronary intervention.

** coronary artery bypass grafting.  
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RESULTS 

Patient characteristics are provided in table 1.  

 

Extent of hyperenhancement. The extent of hyperenhancement according to 

quantification method is shown in table 2. Both total infarct size and segmental extent of 

hyperenhancement were strongly correlated between all methods (p<0.001), except total 

infarct size between FWHM and 2SD and 3SD (non-significant after Bonferroni 

correction). Total infarct size decreased with increasing number of SD’s (all steps 

p<0.001). Total infarct size according to FWHM differed significantly from 2-4 SD 

(p<0.001). Mean SEH decreased with increasing number of SD’s and FWHM (all 

p<0.001). 

 

 

 
Table 2. Global and segmental extent of hyperenhancement according to quantification method.

2SD 3SD 4SD 5SD 6SD 7SD 8SD FWHM

TIS 31.3 (12.1) 23.6 (11.6) 18.7 (11.5) 15.7 (11.1) 12.6 (9.1) 10.4 (8.9) 7.9 (6.8) 14.1 (6.8)

SEH* 36.2 (31.9) 29.2 (31.0) 24.3 (29.5) 20.9 (27.9) 17.9 (25.8) 15.8 (24.4) 14.1 (23.3) 15.4 (22.4)

TIS = mean (sd)  total infarct size. SEH = mean (sd) segmental extent of hyperenhancement. * = dysfunctional segments only. 

Statistical analysis see text.  

 

 

 

Table 3. Likelihood of improvement versus quantification method.

SEH 1 SEH 2 SEH 3 SEH 4 SEH 5

2SD 1 0,7 1,2 2,0 2,5

3SD 1 1,6 3,8 3,8 5,2

4SD 1 1,3 1,5 3,4 4,5

5SD 1 1,5 3,1 4,3 6,1

6SD 1 2,9 4,7 5,2 14,8

7SD 1 2,0 4,4 3,9 10,8

8SD 1 2,1 4,1 3,2 9,6

FWHM 1 2,4 3,5 4,7 5,5

SEH = segmental extent of hyperenhancement. Numbers represent odds ratios

of likelihood of improvement of SEH 2-5 versus SEH 1, which is set at 1.  
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Functional improvement. A total of 1122 segments were analysed (29.6±5.5/patient). Of 

these, 628 were dysfunctional (mean SWT 1.1±1.1mm).  Segmental function improved in 

174 segments (mean SWT 0.9±1.2 to 3.5±1.5 mm). The likelihood of improvement was 

inversely related to the SEH according to all quantification methods. The results of the 

multilevel analysis are displayed in table 3. The odds ratios were inverted so that they 

reflect the number of times that a certain SEH group is less likely to improve compared to 

SEH group 1 in that category. Quantifying hyperenhancement using 6SD best predicted 

segmental functional improvement at follow-up: segments in SEH-groups 2, 3, 4 and 5 

were 2.7, 4.7, 5.2 and 14.8 less likely to improve than segments in SEH-group 1 (table 3).  

Multilevel analysis was repeated assuming a linear relationship between SEH-groups 

and likelihood of improvement. This analysis generates one odds ratio that represents the 

likelihood of improvement from one SEH-group to the next. 6SD had the highest predictive 

power: SEH-group x was 2.04 (95% confidence intervals 1.62-2.58) less likely to improve 

than the SEH-group x-1. 2SD had the lowest power with (inverted) odds ratio 1.66 (1.31-

2.08). Figure 1 shows 95%-confidence intervals for each method, demonstrating that there 

is considerable overlap. 

Left ventricular EDV and ESV were 123±36 ml/m2 and 79±35 ml/m2 at baseline, and 

decreased significantly to 108±36 ml/m2 (p<0.001) and 68±35 ml/m2 (p=0.002), 

respectively. Mean EF improved from 38.2±11.4% at baseline to 40.4±12% at follow-up 

(p=0.067).  

1
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Figure 1. Multilevel analysis assuming linear relation between likelihood of improvement according and 
quantification method. (Inverted) odds ratios and 95%-confidence intervals according to quantification method. 
See text for further explanation. 
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Table 4. Sensitivity and specificity according

to quantification method.

sens spec SEH*

2SD 0,72 0,55 28

3SD 0,72 0,57 21

4SD 0,64 0,65 25

5SD 0,68 0,64 14

6SD 0,70 0,65 9

7SD 0,65 1,00 9

8SD 0,65 1,00 7

FWHM 0,61 0,66 9

* = segmental extent of hyperenhancement (%) at

optimal sensitivity and specificity.  

 

ROC analysis showed that the 6SD method optimally predicted segmental improvement 

at < 10% SEH (AUC 0.700 (0.654-0.746), sensitivity 70%, specificity 65%) (table 4). 

Twenty-two patients showed significant (≥5%) improvement in EF. Although the number 

of dysfunctional segments with < 10% SEH-6SD was higher in patients with improved 

ejection fraction compared to patients without improvement (median 7.5, range 1-24, vs 

4.0, range 0-14), there was considerable overlap, and no significant difference could be 

found (Mann-Whitney-test, p = 0.251). 

 

DISCUSSION  

Our results show that quantification methods have a strong influence on total and regional 

infarct extent. Although analysis using 6SD above signal intensity of a remote normal 

region resulted in the best prediction of segmental functional improvement after 

revascularization, differences with the other methods were small and non-significant. 

LGE quantification . Both SD- and FWHM-methods are based on experience rather than 

on firm pathophysiological evidence. SD uses the (purposely suppressed) signal of a remote 

normal region, whereas FWHM uses the peak signal within the hyperenhanced region. 

FWHM has been suggested on theoretical grounds to be less sensitive to partial volume 

effects. Amado et al compared total infarct size according to the SD- and FWHM-

thresholding methods and postmortem data in an animal occlusion-reperfusion study [5]. 

They found that FWHM correlated best with TTC-staining with a small overestimation 

(significance not reported), whereas no significant correlation and considerable 

overestimation was found with 6SD. Heiberg et al recently proposed a quantification 

method to compensate for partial volume effects in thicker (8-10) mm) slices by weighting 
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pixels according to their signal intensity [7]. The standard LGE protocol in our institution 

uses 5 mm slice thickness, which maintains excellent image quality while minimizing 

partial volume effects. 

Hsu et al developed a computer algorithm based on feature analysis and combined 

thresholding involving sequential use of the 2SD- and FWHM-method [6]. The algorithm 

was validated in a canine study, and compared to visual assessment and 2SD- and FWHM-

thresholding using ex-vivo and in-vivo LGE. The authors found that infarct size measured 

by their model showed no difference with TTC-staining, and was more accurate than the 

other methods, that all overestimated the histopathological infarct size. The algorithm was 

subsequently tested in 20 patients with acute or chronic infarction, and resulted in 

significantly lower values for both regional and global infarct size when compared to visual 

assessment, although this study lacked a reference standard [9]. Hsu et al used phase-

sensitive reconstruction in both studies and also used 8 mm slice thickness, which makes 

comparison of their findings to our study difficult and again stresses the importance of 

standardization. 

In a previous study we quantified hyperenhancement in 15 patients with chronic 

ischemic heart disease. In comparison to visual assessment, we found significant 

overestimation with 2-4SD of both segmental extent and total infarct size [4]. The use of 

6SD led to a significant underestimation, whereas 5SD showed no difference.  

In the current study we used functional outcome after revascularisation as the clinical 

reference standard of viability. We found that, although the extent of hyperenhancement 

was profoundly influenced by the quantification method used, there was no significant 

difference in their accuracy to predict segmental functional improvement at follow-up. 6SD 

showed the highest accuracy, followed closely by FWHM, 4SD and 5SD. Thresholding at 

2SD and 3SD above remote signal intensity was less accurate, but there was still 

considerable overlap of confidence intervals with 6SD. Our data suggest that simple 

thresholding methods using the signal intensity of remote or of the hyperenhanced area 

have relatively little effect on the assessment of regional viability and the prediction of 

likelihood of improvement. The lack of a clear difference may seem surprising considering 

the large differences that the use of the various methods caused in total infarct size and 

segmental extent of hyperenhancement. However, with each method the inverse relation 

between SEH and likelihood of improvement remains intact, which makes it hard to detect 

small differences in predictive power. A larger study group and longer follow-up may be 

required to strengthen the statistical position of 6SD [3]. 

Limitations . All current LGE quantification methods are limited by the fact that essential 

steps like the delineation of myocardial contours, the drawing a region of interest in remote 

myocardium and the exclusion of artifacts are all (still) done manually. The applicability of 
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our results is limited to patients with chronic ischemic heart disease, although they are 

probably valid in acute myocardial infarction, since both animal and clinical studies have 

shown that hyperenhancement reflects necrosis at all stages after infarction [10-12]. 

However, this remains to be established. Also, our results cannot be extrapolated to other 

techniques (e.g. 3D-acquisition) or scanner types (especially with different magnetic field 

strengths). 

In conclusion, in this study we evaluated the relation between simple thresholding 

techniques to quantify LGE images and functional outcome after revascularization in 

patients with chronic ischemic myocardial dysfunction. Although quantitative analysis with 

window setting thresholded at mean + 6SD of the signal of a remote normal region best 

predicted segmental functional improvement, there was no significant difference with the 

other SD or FWHM methods. Further study is needed to evaluate SD and FWHM in larger 

groups with a longer follow-up and compare them to the more complex algorithms that 

have not yet been tested in human viability studies. 
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SUMMARY 

This thesis addresses the clinical applications of Cardiovascular Magnetic Resonance 

imaging (CMR) in patients with myocardial infarction. The introduction of steady state 

free-precession (SSFP) cine imaging and delayed contrast-enhanced (DCE) imaging around 

the turn of the century has triggered a major step forward in the position of CMR in the 

field of cardiac imaging. CMR is now the definitive reference technique for the non-

invasive evaluation of left and right ventricular function, mass and regional scar. Other 

CMR techniques are T2-weighted spin-echo (T2W) imaging and first pass myocardial 

perfusion imaging. T2W imaging is sensitive to regional high water content and can 

therefore be used to visualise infarct-related myocardial oedema. First pass perfusion 

imaging is used to assess myocardial perfusion and microvascular obstruction. The latest 

developments of these techniques in both the acute and the chronic phase of myocardial 

infarction are reviewed in chapter 1. 

Chapters 2-4 focus on the use of CMR in patients with acute myocardial infarction. 

Regions that are severely dysfunctional early after infarction may show (partial) recovery 

of function when the occluded coronary artery is timely reperfused. The likelihood of 

recovery depends on the local extent of irreversibly damaged tissue, which can be 

visualised as areas of high signal intensity (hyperenhancement) on DCE images. In Chapter 

2, we showed that DCE can be used to predict functional recovery of stunned myocardium 

after acute infarction. We evaluated 30 patients after a first reperfused acute myocardial 

infarction using cine imaging and DCE at one week and follow-up cine at 3 months. The 

likelihood of improvement of dysfunctional segments was strongly and inversely related to 

the segmental extent of hyperenhancement.  

Microvascular obstruction (MVO), or no-reflow, refers to the fact that, in acute 

myocardial infarction, successful revascularisation of the epicardial coronary artery is not 

always followed by the restoration of myocardial perfusion. MVO is a well-known 

predictor of poor functional recovery and less favourable outcome. On DCE images, it can 

be seen as regions of low signal intensity within the hyperenhanced infarction. Coronary 

angiography, electrocardiography and echocardiography can also be used to assess MVO. 

In chapter 3, we directly compared angiographic, electrocardiographic and CMR measures 

of microvascular obstruction in 60 patients after primary stenting for a first acute 

myocardial infarction. We found that DCE imaging was a very sensitive marker of MVO 

and that it was the strongest predictor of changes in left ventricular volumes and ejection 

fraction at follow-up. 

Microvascular obstruction may lead to intramyocardial haemorrhage by extravasation of 

erythrocytes through severely damaged endothelial walls. It is not known whether 

haemorrhage has additional unfavourable impact or whether it is a mere side effect. In 
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chapter 4, we used non-enhanced T2W imaging to assess the clinical significance of 

infarct-related intramyocardial haemorrhage in relation to infarct size, microvascular 

obstruction, baseline function and functional outcome. Regional infarct-related oedema 

normally causes high-intensity areas on T2W images, but the high signal is attenuated by 

the presence of haemorrhage, which alters regional magnetic properties. Haemorrhage was 

detected in 22 of 45 patients, and its presence was related to a larger infarct size, the 

presence of MVO and lower ejection fraction. The best predictor of functional changes, 

however, was MVO, and, in this study, the presence of haemorrhage was of no additional 

value.  

Chapters 5 and 6 focus on the use of CMR in patients with chronic ischemic heart 

disease. In these patients, left ventricular systolic dysfunction may result from infarction 

and irreversibly scarred myocardium or from chronic hypoperfusion in which the function 

may recover after restoration of flow. As in acute myocardial infarction, the likelihood of 

functional recovery depends on the regional scar extent, which can be visualised by DCE 

imaging. In Chapter 5, we showed that DCE imaging correlated well to the current 

reference imaging standard of viability, 18F-fluorodeoxyglucose positron emission 

tomography (PET).  In 26 patients with chronic coronary artery disease and left ventricular 

dysfunction, segmental extent of hyperenhancement was inversely related to segmental 

glucose uptake by PET. At 37% segmental extent of hyperenhancement, DCE imaging 

optimally differentiated viable from non-viable segments defined by PET (sensitivity 96%, 

specificity 84%). After successful revascularisation, chronically ischemic, dysfunctional 

myocardium does not always improve despite proven viability. This may be explained by a 

delayed time course of recovery and premature follow-up imaging. This issue was 

addressed in Chapter 6. We assessed functional outcome and temporal changes in relation 

to baseline extent of hyperenhancement in 35 patients with chronic ischemic LV 

dysfunction 1 month before, and 3, 6 and 24±12 months after revascularisation. The study 

showed that improvement of dysfunctional but viable myocardium can be considerably 

delayed and that both likelihood and time course of long-term functional improvement were 

related to the baseline amount of scar.  

Both cine images and DCE images are generally assessed in a qualitative way 

(‘eyeballing’). However, quantitative assessment is preferable for comparison within 

patients, between patients and between different centers. Chapters 7 and 8 address the 

quantitative analysis of cine images and DCE images. Regional left ventricular function can 

be quantified as systolic wall thickening which is the difference between regional end-

diastolic wall thickness and end-systolic wall thickness and is expressed in absolute 

millimetres or as a percentage of end-diastolic wall thickness. Although systolic wall 

thickening is widely used in the literature, there is a surprising scarcity of systematic reports 
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on its normal range, and even prominent CMR publications use normal values from old 

echocardiographic reports. In Chapter 7, we therefore used cine imaging and the centerline 

method to provide the normal range for regional wall thickness and wall thickening in 36 

healthy volunteers. Regional end-diastolic and end-systolic wall thickness and percent 

systolic wall thickening showed significant heterogeneity that was in line with previous 

reports. The results in this study further suggested that the traditionally used definition of 

myocardial hypertrophy may not be valid when using current high resolution cine CMR 

sequences. DCE images can easily be quantified, but the resulting regional and global 

infarct extent strongly depend on image window setting, which generally reflects the 

personal preference of the observer and may differ considerably especially between the 

various centers. A range of quantification methods of varying complexity has been 

proposed, but their value remains unsure because of the lack of an in-vivo, human standard 

of regional scar. In Chapter 8, we therefore used functional outcome after revascularisation, 

which is considered the clinical standard of viability, to evaluate two DCE quantification 

methods in 38 patients with chronic ischemic myocardial dysfunction. Hyperenhancement 

was quantified by thresholding window setting at: 2-8 standard deviations above mean 

signal intensity of a remote normal region, and according to the full-width-at-half-

maximum method. We found that, although the quantification method had a strong impact 

on the quantified global and segmental extent of hyperenhancement, it had relatively little 

influence on the accuracy to predict segmental functional improvement after 

revascularization. 

 

CONSIDERATIONS 

When considering the studies presented in this thesis, along with many others published so 

far, it can be safely concluded that CMR is a valuable technique in patients with myocardial 

infarction. The advantages of CMR compared to other techniques as echocardiography and 

radionuclide perfusion imaging of CMR are clear: wide field-of-view, high resolution, high 

quality, one-stop (function-perfusion-viability) examination, and simple quantification 

without geometrical assumptions. In addition, as a unique feature, it allows the in-vivo 

demonstration of oedema, haemorrhage, microvascular obstruction and acute or chronic 

infarct extent. It is this tissue characterisation that has created new possibilities in the 

management of patients with myocardial infarction that will be addressed in the coming 

years: e.g. oedema as a marker of area at risk; microvascular obstruction and haemorrhage 

as markers of infarct and prognostic markers, and as endpoints in reperfusion studies; 

infarct heterogeneity as a marker of ventricular arrhythmia. So, the cardiac imager is happy, 

and so is the researcher, but what about the clinician, the referring cardiologist, and the 

patient with myocardial infarction? Are the advantages of CMR translated into improved 
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diagnosis and management? In the early phase after myocardial infarction, 

echocardiography is adequate to answer most clinical questions, especially in patients with 

an uncomplicated course. CMR has additional value when diagnosis is unsure, when 

complications are suspected but cannot be adequately depicted, when prediction of 

functional recovery is relevant and, importantly, in the quantification of LV function in ICD 

candidates. In the chronic phase of infarction, management critically depends on 

quantification of ventricular function and the assessment of viability, and CMR should be 

strongly considered in any patient with (suspected) chronic infarction or (ischemic) 

cardiomyopathy. However, the ultimate impact of CMR on management and outcome of 

patients with myocardial infarction is hard to define because current availability is still 

limited compared to other techniques. Put in other words: the list of publications favouring 

its use is growing considerably quicker than the number of CMR imaging centres. This may 

be explained by a variety of potential hurdles, such as the need for collaboration between 

cardiologists and radiologists, the lack of a clear reimbursement that acknowledges the 

contribution of all those involved and the need for training and credentialing of technical 

and medical staff. CMR is about to make its final growth spurt, but only after these issues 

are solved. 
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SAMENVATTING (met wat meer toelichting) 

Hoewel behandeling en prognose van het acute hartinfarct de afgelopen jaren sterk 

verbeterd zijn, is coronaire of ischemische hartziekte nog steeds de belangrijkste 

doodsoorzaak in de westerse wereld. Bij de diagnose en behandeling worden techieken 

gebruikt die informatie verschaffen over functie van de hartspier en de hartkleppen, de 

doorbloeding en de schade ten gevolge van het hartinfarct. Bekende en veelgebruikte 

technieken zijn o.a. echocardiografie (vooral voor de afbeelding van functie) en nucleaire 

scans (vooral voor de afbeelding van de doorbloeding van de hartspier). Cardiovascular 

Magnetic Resonance imaging (CMR) is een nieuwere techniek die gebruikt kan worden 

voor de afbeelding van het hart. CMR werd aanvankelijk met name gebruikt voor 

onderzoeksdoeleinden, maar het heeft de laatste jaren een grote ontwikkeling doorgemaakt 

en is nu een waardevol diagnostisch hulpmiddel geworden voor de dagelijkse 

cardiologische praktijk. In dit proefschrift wordt een aantal van de 

toepassingsmogelijkheden van CMR bij patiënten met een hartinfarct nader onderzocht.  

Hoofdstuk 1 geeft een overzicht van de CMR-technieken die gebruikt kunnen worden 

bij patiënten met een hartinfarct. De twee belangrijkste technieken zijn cine CMR en 

delayed contrast-enhanced (DCE) CMR. Cine imaging wordt vooral gebruikt voor de 

afbeelding van functie van hartspier en kleppen en is de gouden standaard voor de 

kwantificering van functie van linker en rechter hartkamer. Het littekenweefsel van een 

hartinfarct kan nauwkeurig worden gevisualiseerd na contrast toediening met behulp van 

DCE imaging. Litteken is zichtbaar als regionale contrastaankleuring (hoge signaal 

intensiteit) binnen de niet aankleurende niet-geïnfarceerde delen van de hartspier. Ander 

veel gebruikte CMR technieken zijn T2-gewogen spin-echo (T2W) CMR en first-pass 

perfusie CMR. Met behulp van de T2W techniek kunnen gebieden met een hoog 

watergehalte gedetecteerd worden. Hiermee kan in de eerste fase na het infarct infarct-

gerelateerd oedeem zichtbaar worden gemaakt. De doorbloeding van de hartspier kan 

worden beoordeeld met behulp van first-pass perfusie CMR. De laatste ontwikkelingen van 

deze technieken, alsmede de toepassingen ervan in zowel de acute en de chronische fase 

van het hartinfarct worden in de rest van Hoofdstuk 1 besproken.  

In de hoofdstukken 2-4 wordt het gebruik van CMR bij patiënten met een acuut 

hartinfarct bestudeerd. Als een hartinfarct tijdig is behandeld door het openen van de 

infarct-gerelateerde kransslagader, kan de functie (deels) weer herstellen. De kans hierop 

hangt af van de lokale uitgebreidheid van de infarctschade. In Hoofdstuk 2 wordt 

aangetoond dat de kans op dit functieherstel kan worden voorspeld met behulp van DCE 

imaging. In dit onderzoek ondergingen 30 patiënten met een behandeld acuut hartinfarct 

een CMR onderzoek op 1 week en 3 maanden na opname. Hieruit bleek dat de kans op 
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functieverbetering sterk afhankelijk was van de mate van regionale schade: hoe meer 

infarcering, hoe kleiner de kans op herstel.  

Het openmaken van een kransslagader is niet altijd voldoende om de doorbloeding van 

de hartspier weer te herstellen. Soms treedt bij een infarct tijdens en direct na de 

behandeling een complicatie op waardoor de kleinste vertakkingen van de grotere 

kransslagaderen verstopt raken: ‘microvasculaire obstructie’. De reden hiervoor is nog niet 

geheel duidelijk, maar als dit optreedt, is de kans op herstel van functie laag en wordt de 

prognose van de patiënt minder gunstig. Op DCE CMR beelden is microvasculaire 

obstructie te zien als uitsparingen binnen het aankleurende infarctgebied (zie bijvooorbeeld 

Hoofdstuk 2, figuur 3). Er zijn verschillende andere manieren om dit fenomeen te 

onderzoeken, zoals met behulp van invasieve (angiografische) metingen direct na de 

dotterbehandeling, het electrocardiogram en echocardiografie. In Hoofdstuk 3 zijn de 

belangrijkste hiervan met elkaar en met CMR vergeleken in 60 patiënten die een 

dotterbehandeling hadden ondergaan in verband met een acuut hartinfarct. Hieruit bleek dat 

de aanwezigheid van microvasculaire obstructie op DCE CMR verreweg de beste 

voorspeller was van functieveranderingen na het hartinfarct en dus de beste manier was om 

microvasculaire obstructie te onderzoeken. 

De bij microvasculaire obstructie beschadigde haarvaten kunnen ook plaatselijke 

bloedingen in de hartspier veroorzaken. Het is niet duidelijk of zulke bloedingen een extra 

risico vormen, bovenop het al bestaan van microvasculaire obstructie. In Hoofdstuk 4 is dit 

onderzocht door T2W imaging, waarmee bloedingen zichtbaar gemaakt kunnen worden 

door gebruik te maken van het feit dat de afbraak van bloed de plaatselijke magnetische 

eigenschappen verandert. Bloedingen werden aangetroffen bij 22 van de 45 patiënten, die 

in vergelijking met de patiënten zonder bloeding een groter infarct hadden met een 

slechtere pompfunctie. Veranderingen van functie op 4 maanden na het infarct werden 

echter het beste voorspeld door de aanwezigheid van microvasculaire obstructie, en de 

aanwezigheid van bloeding voegde hier niets aan toe. De voorlopige conclusie luidt dat 

bloedingen in de hartspier kort na een (behandeld) acuut hartinfarct weliswaar de ernst van 

de beschadiging aangeven, maar dat ze zelf waarschijnlijk geen aanvullende klinische 

betekenis hebben. 

Een verminderde pompfunctie van het hart kan leiden tot hartfalen. Bij sommige 

patiënten bestaat deze pompfunctiestoornis op basis van een chronische 

doorbloedingsstoornis waarbij vaak ernstige afwijkingen in alle kransslagaderen aanwezig 

zijn. De hartspier heeft dan aanpassingsmechanismen ingeschakeld waarbij de functie en 

wanddikte belangrijk afgenomen kunnen zijn zonder dat de hartspier daadwerkelijk afsterft 

(eng. ‘hibernation’ - winterslaap). Indien de doorbloeding hersteld wordt door bijvoorbeeld 

een bypass operatie of dotterbehandeling, kan dit leiden tot functieherstel en verbetering of 
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zelfs verdwijnen van hartfalen. Functieherstel zal echter alleen maar optreden als er 

voldoende vitaliteit (eng. ‘viability’ - levensvatbaarheid) aanwezig is. Om de kans op 

functieherstel in te schatten en te voorkomen dat een patiënt onnodig wordt blootgesteld 

aan het risico van een operatie wordt daarom meestal eerst vitaliteitsonderzoek gedaan. 

Hiervoor bestaan meerdere technieken, zoals echocardiografie, nucleaire technieken en 

sinds een aantal jaren ook DCE CMR. Net zoals na het acute infarct correspondeert de 

hoeveelheid contrastaankleuring op DCE beelden met de hoeveelheid littekenweefsel: veel 

aankleuring betekent veel littekenweefsel, ofwel weinig vitaliteit met een lage kans op 

functieherstel, en vice versa. Hoofdstuk 5 en 6 gaan over het gebruik van DCE CMR bij 

patiënten met chronische ischemische hartziekte. In Hoofdstuk 5 werd in 26 patiënten 

aangetoond dat DCE CMR imaging uitstekend overeenkwam met de techniek die nog 

steeds geldt als de referentie techniek voor de afbeelding van vitaliteit, 18F-

fluorodeoxyglucose positron emissie tomografie (PET). Hierbij bleek dat een waarde van 

37% littekenweefsel volgens DCE imaging betrouwbaar kon differentiëren tussen 

aanwezigheid (<37% littekenweefsel) en afwezigheid (>37% littekenweefsel) van vitaliteit 

volgens de PET-techniek. 

Ondanks bewezen ‘vitaliteit’ lijkt verbetering van functie toch vaak niet op te treden. 

Eén van de mogelijke verklaringen hiervoor is dat het lang kan duren voordat herstel 

optreedt. Onderzoek naar verbetering van functie na herstel van doorbloeding vindt vaak al 

na 3-4 maanden plaats, en dit is wellicht nog te vroeg. Dit werd onderzocht in Hoofdstuk 6. 

Bij 35 patiënten met een gestoorde functie op basis van een chronische 

doorbloedingsstoornis werd de functie beoordeeld op 1 maand vóór en op 3, 6 en 24±12 

maanden na herstel van de doorbloeding. Vooraf werd tevens de mate van littekenvorming 

m.b.v. DCE imaging bepaald. Hoewel het belangrijkste deel van functieherstel in de eerste 

3 maanden plaats vond, bleek zelfs tot op het allerlaatste meetpunt nog verdere verbetering 

mogelijk. Net zoals na het acute infarct bleek dat op elke tijdstip de kans op 

functieverbetering sterk afhankelijk was van de mate van littekenvorming: hoe meer 

littekenweefsel, hoe kleiner de kans op herstel. Bovendien bleek dat ook de snelheid van 

herstel afhankelijk was van de hoeveelheid littekenweefsel vooraf: delen met meer litteken 

herstelden trager dan delen met weinig of geen littekenweefsel.  

Afbeeldingen van het hart kunnen op 2 manieren worden beoordeeld: kwalitatief, 

waarbij de beoordelaar zijn subjectieve inschatting geeft; en kwantitatief, waarbij de 

beoordelaar, al dan niet met behulp van een (semi-)automatisch software programma, een 

getalswaarde geeft. Een kwantitatieve beoordeling heeft in het algemeen de voorkeur als 

een vergelijking tussen opeenvolgende onderzoeken plaats vindt, of bij vergelijking van 

onderzoeken verricht in verschillende klinieken. In de hoofdstukken 7 en 8 wordt de 

kwantitatieve analyse van functionele en contrastbeelden nader bestudeerd. 
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Regionale functie kan worden gekwantificeerd als systolische wandverdikking, waarbij 

het verschil in wanddikte aan het eind van de vullingsfase (diastole) van het hart en de 

uitdrijvingsfase (systole) wordt berekend en kan worden uitgedrukt als een absoluut getal of 

als een percentage. Hoewel dit een veel gebruikte maat is in de literatuur, zijn er geen 

recente gegevens over normaalwaarden. In Hoofdstuk 7 werden met behulp van cine CMR 

en de zgn. centerline methode normaalwaarden bepaald voor regionale wanddikte en 

wandverdikking in 36 gezonde vrijwilligers. Zoals al eerder beschreven bleek er een 

aanzienlijke regionale variatie te bestaan in zowel wanddikte als systolische 

wandverdikking. De resultaten in deze studie suggereerden verder dat de traditioneel 

gebruikte en vanuit de echocardiografie stammende definitie van wanddikte niet toepasbaar 

is bij het gebruik van de huidige hoge resolutie cine CMR-techniek. 

DCE beelden worden voor onderzoeksdoeleinden vaak kwantitatief geanalyseerd, 

waarbij de regionale of totale infarctgrootte wordt uitgedrukt als absolute eenheid (gram) of 

als percentage van regionale of totale kamer massa. De kwantificering gebeurt met behulp 

van speciaal ontwikkelde software en is eenvoudig en reproduceerbaar, maar de pitfall zit 

bij deze analyse in de wijze van de beeldinstelling: de beoordelaar doet dit zelf al naar 

gelang zijn eigen voorkeur, en die kan (vooral tussen verschillende centra) aanzienlijk 

verschillen. Standaardisatie van deze instelling is mogelijk met behulp van diverse in 

complexiteit wisselende methoden. Het is niet duidelijk welke van deze het meest 

betrouwbaar is, ook al omdat een ‘gouden standaard’ ontbreekt (de daadwerkelijke 

hoeveelheid littekenweefsel is alleen onder de microscoop vast te stellen, geen optie voor 

rondlopende patiënten). In Hoofdstuk 8 is daarom onderzocht of de wijze van 

kwantificering invloed had op de mogelijkheid om functieherstel na revascularisatie te 

voorspellen. Dit wordt wel de klinische standaard van vitaliteit genoemd. De hoeveelheid 

contrastaankleuring werd gekwantificeerd door de beeldinstelling te standaardiseren 

volgens verschillende methodes gebaseerd op de signaalintensiteit van een normaal gebied 

en op die van het geïnfarceerde gebied. De studie toonde aan dat de gekozen methode 

weliswaar een sterke invloed had op de berekende hoeveelheid contrastaankleuring (en dus 

regionale en totale infarctgrootte), maar dat deze slechts een beperkte invloed had op de 

nauwkeurigheid om functieherstel te voorspellen. Kwantificering lijkt dus met name van 

belang voor vergelijking van infarctgrootte en –uitbreiding, binnen één individu, tussen 

patiënten of tussen verschillende centra. 

 

OVERWEGINGEN 

Uit dit proefschrift en de vele andere publicaties uit recente jaren blijkt ontegenzeggelijk de 

aanvullende waarde van CMR in de diagnostiek en behandeling van patiënten met een 

hartinfarct. De opvallendste eigenschap van CMR ten opzichte van andere technieken is dat 
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het de diverse componenten van het infarct zichtbaar kan maken: het oedeem, de 

microvasculaire schade, bloeding, en, in groot detail, de mate van infarctschade zowel in de 

acute als in de chronische fase van het infarct. Verder heeft het als belangrijkste voordeel 

dat de pompfunctie van het hart eenvoudig en betrouwbaar kan worden gekwantificeerd. 

Moet dus nu bij iedere patiënt met een hartinfarct een CMR worden verricht, en doen we 

hem tekort als hij ‘alleen’ met een echocardiogram wordt bekeken? Het antwoord hierop is 

enigszins afhankelijk van de fase van het hartinfarct en de gewenste informatie. In het acute 

stadium, bij een patiënt met een ongecompliceerd, tijdig en succesvol behandeld hartinfarct, 

met een goede restfunctie is een echo een uitstekende en snelle manier om het hart te 

beoordelen, en zijn de aanvullende kwaliteiten van CMR niet nodig. CMR heeft dan alleen 

meerwaarde als onduidelijkheid bestaat over de diagnose of de uitbreiding, als de 

afbeelding onvoldoende is, als beoordeling van de kans op functieherstel gewenst is, of 

voor de kwantificering van de pompfunctie indien deze verminderd is. In de chronische 

fase zijn informatie over functie en vitaliteit cruciaal voor de behandeling, zodat CMR bij 

elke patiënt met (verdenking op) een doorgemaakt hartinfarct of een verminderde 

pompfunctie belangrijke informatie zou geven. Of CMR daadwerkelijk impact heeft op de 

behandeling en prognose van patiënten met een hartinfarct en overwaarde heeft ten 

opzichte van andere technieken, valt op dit moment moeilijk te bezien, omdat CMR 

weliswaar in toenemende maar nog in beperkte mate beschikbaar is. Met andere woorden: 

de toename van het aantal publicaties over het nut van CMR is beduidend groter dan de 

toename van het aantal ziekenhuizen met een CMR afdeling. Niet geheel onbegrijpelijk, 

want, hoewel het enthousiasme voor CMR vaak groot is, zijn er wel degelijk hindernissen 

te nemen. Zo is lokale samenwerking tussen cardiologen en radiologen noodzakelijk maar 

niet altijd eenvoudig. Verder bestaat er onduidelijkheid over de vergoeding voor een ‘MRI 

hart’. Tenslotte is training en certificering van laboranten, technici en medisch specialisten 

een absolute vereiste. De echte groeispurt van CMR komt eraan, maar pas als deze hordes 

genomen zijn. 
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