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Chapter 1 10 

General introduction 

Acute coronary syndrome 
The term acute coronary syndrome (ACS) refers to a range of acute myocardial ischemic 
states. It encompasses unstable angina, non-ST-elevation myocardial infarction (NSTEMI), and 
ST-elevation myocardial infarction (STEMI).1,2 ACSs are a major cause of mortality and morbid-
ity in Western countries. In patients with cardiovascular disease, ischemic heart disease 
represents the most common diagnosis for hospital admission, accounting for approximately 
88,000 hospital admissions per year in the Netherlands.  
Atherosclerosis is a chronic, multifocal immunoinflammatory, fibroproliferative disease of 
medium-sized and large arteries mainly driven by lipid accumulation.3 Coronary artery 
disease involves two distinct processes: a fixed process that causes gradual luminal narrow-
ing slowly over decades and a dynamic process that punctuates the slow progression in a 
sudden and unpredictable way, causing rapid partial or complete coronary occlusion. This 
last process is central to the initiation of an ACS and is caused by disruption of an atheroma-
tous plaque that can take place at any time during this chronic process. Fissuring or rupture 
of these plaques, and consequent exposure of core constituents such as lipid, smooth muscle, 
and foam cells, leads to the local generation of thrombin and deposition of fibrin. This in turn 
promotes platelet aggregation and adhesion and the formation of intracoronary thrombus. 
Unstable angina and NSTEMI are generally associated with only partially occlusive thrombus. 
Microthrombi can detach and embolise downstream, causing myocardial ischemia and 
infarction. In contrast, STEMI has more stable thrombus and occludes an epicardial coronary 
artery. The presentation of patients with unstable angina and NSTEMI may be indistin-
guishable. Their distinction depends on whether the ischemia is severe enough to cause 
myocardial damage and the release of detectable quantities of markers of myocyte necrosis, 
i.e. troponin or creatine kinase MB (Figure 1).4–6 

Figure 1. Spectrum of acute coronary syndromes according to electrocardiographic and biochemical markers of myocardial 

necrosis in patients with acute cardiac chest pain. 

Markers of myocardial 
necrosis not elevated

Elevated markers of 
myocardial necrosis

No ST-segment elevation ST-segment elevation

Plaque disruption or erosion

Thrombus formation with or without embolisation

Acute cardiac ischemia

Elevated markers of 
myocardial necrosis

Unstable angina Non-ST-elevation 
myocardial infarction

ST-elevation myocardial 
infarction

ACUTE CORONARY SYNDROMES

ECG

Biomarkers

Diagnosis



General introduction and outline of the thesis 11 

Therapeutic options for treatment of patients with ACS have improved substantially over the 
past 25 years. Pharmacotherapy and coronary revascularization are the main components of 
the acute treatment. 
 
Pharmacotherapy 
Medical treatment in the acute setting includes antiplatelet agents, anticoagulants, and anti-
ischemic agents. Platelet activation plays a key role in ACS and numerous clinical trials have 
established the value of antiplatelet therapies. Aspirin, thienopyridines (i.e., clopidogrel and 
ticlopidine) and glycoprotein (GP) IIb/IIIa antagonists comprise the major classes of antiplate-
let therapies demonstrated to be of benefit in the treatment of ACS and for the prevention of 
thrombotic complications of percutaneous coronary intervention (PCI).7 Aspirin was the first 
recognized antiplatelet drug based on its ability to inhibit cyclooxygenase (COX)-1 enzymatic 
activity.8 The benefits of clopidogrel were established in several landmark trials including the 
CURE, CLARITY and COMMIT trial.9–11 Clopidogrel is a thienopyridine platelet antagonist that 
requires hepatic activation to form the active molecule. It selectively and irreversibly inhibits 
the binding of adenosine diphosphate to platelet receptors. More recently, the use of pra-
sugrel, another antiplatelet agent in the same chemical class as clopidogrel, is investigated in 
ACS.12 
The role of the GP IIb/IIIa antagonists in ACS is less clear. Currently, it appears that the use of 
GP IIb/IIIa antagonists might be most beneficial in high-risk ACS patients scheduled to 
undergo PCI, who demonstrate NSTEMI and elevated troponin levels.7,13,14 Anticoagulans are 
used in the treatment of ACS to inhibit thrombin generation and/or activity, thereby reduc-
ing thrombus-related events. There is clear evidence that the combination of anticoagulans 
and platelet inhibition is more effective than either treatment alone.15,16 Several anticoagu-
lans are available and traditionally unfractionated heparin or low molecular weight heparin 
are used.  
Several new pharmacological agents for the treatment of ACS are recently available or are 
currently evaluated in clinical trials. This creates an increasingly complex array of anticoagu-
lans and antiplatelet medications, including indirect factor Xa-inhibitors (i.e. fondaparinux, 
idraparinux), direct factor Xa-inhibitors (i.e. rivaroxaban, apixaban), direct thrombin inhibitors 
(i.e. bivalirudin, dabigatran), and thrombin-receptor-1 antagonist.17–22 
The risk-benefit profile of these new medications needs to be further clarified. The inherent 
risk of all antiplatelet agents and anticoagulants is bleeding and even minor bleeding affects 
prognosis after PCI.23 Recent data suggest that more deaths after an ACS are caused by 
bleeding than by reinfarction or stent thrombosis.21 In treating patients presenting with ACS, 
clinicians should carefully evaluate the balance between ischemic and hemorrhagic risk on 
an individual patient basis. 
 
Coronary revascularization 
The introduction of PCI as a treatment modality for coronary artery disease substantially 
broadened the management options for this global health care concern. Research on the 
management of patients with STEMI identifies primary PCI as preferred treatment to regain 
coronary artery patency and this type of reperfusion therapy has contributed to an important 
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decrease in morbidity and mortality.1,24–26 However, an increasing number of patients suffers 
from symptoms of heart failure as a result of post-infarct ventricular remodeling.27 Further-
more, there is still need for novel strategies lowering the early hazard associated with STEMI 
to further improve the survival rates.  
In patients with unstable angina and NSTEMI, a less urgent invasive approach is recom-
mended, but coronary revascularization remains a dominant modality at variable time points 
after symptom onset.28 Two general approaches have evolved concerning the use of diag-
nostic cardiac catheterization and subsequent revascularization with PCI or coronary artery 
bypass grafting: an invasive versus a conservative (‘ischemic-guided’) treatment strategy. An 
early invasive strategy consists of early routine catheterization and revascularization where 
appropriate and a ‘conservative’ strategy includes angiography and subsequent revasculari-
zation only if medical therapy fails or substantial residual ischemia is documented. Revascu-
larization is performed to relieve angina and ongoing ischemia and to prevent progression to 
myocardial infarction (MI) and death.  
In accordance with the risk-benefit of medical treatment of ACS due to increased bleeding, 
the benefit from an early invasive treatment depends on the early risk due to complications 
of revascularization procedures and the prevention of ischemic events during follow-up. It is 
important to determine what level of risk defines the patient group that would benefit most 
from an early invasive treatment. Thus, a means for selecting patients is needed. Based on 
data from previous randomized trials and registries, risk scores have been developed that 
may identify patients who would benefit most from an early revascularization. However, due 
to advances in medical therapy, risk-benefit profile may change over time. With the applica-
tion of more effective medical treatment, the benefit may be modest for low or intermediate 
risk patients.  
In 5 large, randomized trials an early invasive approach was compared to a conservative or 
selective invasive strategy: VANQWISH, FRISC-II, TACTICS-TIMI 18, TIMI IIIB, and RITA 3.29–33 An 
early invasive strategy was shown to be beneficial in the FRISC-II, TACTICS-TIMI 18, and RITA 3 
studies, especially in subgroups of patients at high risk, such as those presenting with an 
elevated cardiac troponin level. However, randomized trials have not shown an overall 
reduction in mortality, and the reduction in the rate of MI in previous trials has varied de-
pending on the definition of MI. Furthermore, the early use of clopidogrel and intensive lipid-
lowering therapy have been shown to improve the prognosis in patients with acute coronary 
syndromes.11,34 These therapies have not been tested in trials of early invasive strategies. 
Therefore, the ‘Invasive versus Conservative Treatment in Unstable coronary Syndromes’ 
(ICTUS) trial was designed and conducted to test the hypothesis that an early invasive strat-
egy is superior to a selective invasive strategy in patients with a non-ST-elevation acute 
coronary syndrome (nSTE-ACS) and an elevated cardiac troponin T level. In the first part of 
this thesis the results of this trial are described. 
 
Use of cardiovascular magnetic resonance imaging in acute coronary syndrome 
As described in the previous paragraph, survival and prognosis of patients with STEMI have 
improved substantially using therapies aiming at early and sustained reperfusion of the 
myocardium at risk. Parallel to this decrease in mortality, an increase in the incidence of heart 
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failure in recent decades is observed.27 Accurate assessment of myocardial function and 
determinants of adverse functional outcomes are therefore crucial in the therapeutic man-
agement of patients after MI.  
Several factors have been identified in patients after acute MI to predict functional and 
clinical outcome and different techniques can be used to identify these factors including 
angiography (i.e. TIMI flow grade, myocardial blush grade), electrocardiography (i.e. ST-
segment resolution), echocardiography and nuclear scintigraphy (i.e. left ventricular func-
tion), and myocardial contrast echocardiography (i.e. microvascular obstruction (MVO)).1,35–38 
However, more recently, cardiovascular magnetic resonance (CMR) imaging is emerging as 
an important diagnostic tool. CMR is capable of assessing global and regional ventricular 
function, size and transmurality of infarction, and microvascular injury in one single exami-
nation.39 In Table 1 the most commonly used CMR imaging techniques and there clinical 
applications are described. In addition, CMR reliably detects important complications of 
acute MI, like ventricular aneurysms and ventricular septum defects. Late gadolinium-
enhanced imaging is also very useful for identifying LV thrombus.40,41 A potential role for CMR 
may thus be to offer an improved method for risk stratification in the early period after an 
ACS. 
 

Table 1. Cardiovascular magnetic resonance imaging in acute coronary syndrome. 

Imaging technique Corresponding morphology Main clinical application 

Cine imaging Contractile function Left and right ventricular function 

T2-weigthed imaging Tissue edema Infarct age, myocardial salvage 

First pass perfusion Regional myocardial blood flow Microvascular obstruction, ischemia 

Early gadolinium enhancement Microvascular integrity Microvascular obstruction 

Late gadolinium enhancement Myocardial necrosis/ fibrosis, 

microvascular integrity 

Infarct size and extent, viability, 

microvascular obstruction 

 
For many years, CMR imaging was available only at dedicated centers and its use was not 
practical for routine patient evaluation. Although image quality has vastly improved and 
more community hospitals have access to a MRI scanner, most of the current literature is 
based on single-center studies preformed in dedicated CMR centers. The value of CMR in 
patients with ACS used for routine evaluation still needs to be determined. 
In this thesis, several studies are described to further investigate the role of CMR in patients 
with ACS with special focus on the detection and prognostic value of MVO in functional 
recovery. Successful restoration of epicardial flow in patients with acute MI does not neces-
sarily translate into optimal reperfusion at the myocardial tissue level, and may result in MVO, 
also known as the ‘no-reflow’ phenomenon.42 Experimental and clinical studies have demon-
strated that MVO is a common phenomenon and is associated with increased infarct size, 
reduced myocardial function, left ventricular remodeling, and worse clinical outcome.39,43,44 
Three techniques using administration of a gadolinium chelate, have been described to help 
detect and quantify MVO by using CMR in the clinical setting: first-pass perfusion, early 
gadolinium and late gadolinium enhancement (Table 1).39,43,45 MVO is present if hypoen-
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hanced areas persist after the peak of signal intensity in normal myocardium. Occlusion of 
the microvasculature with erythrocytes, neutrophils and cellular debris causes a lack of 
gadolinium enhancement in the endocardial core. In Figure 2 an example of a patient with an 
acute MI treated by primary PCI is shown with cine and late gadolinium-enhanced images in 
the first week after MI and at follow-up. The hyperenhanced bright areas are regions of 
myocardial necrosis or fibrosis and MVO are the regions of hypoenhancement within the 
hyperenhanced areas. 
In conclusion, CMR imaging provides several independent measures of prognosis after ACS 
that can all be obtained in a single imaging procedure and cannot be assessed equally with 
other imaging modalities.39,43 However, limited data is available about the relation between 
angiographic, electrocardiographic, coronary blood flow velocity, and different CMR charac-
teristics of MVO, and their predictive value on functional recovery after acute MI.  
Besides the use of CMR measures as a method for risk stratification after ACS, this highly 
accurate and quantitative imaging technique can be very useful in evaluating the efficacy of 
novel treatment strategies in patients after MI. By using this technique the number of pa-
tients required to complete clinical trials can be reduced due to its excellent interstudy 
reproducibility.46 In the third part of this thesis the concept of cell therapy as an adjunctive 
therapy after primary PCI is tested and CMR is used for endpoint assessment. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. CMR images of a patient with an anterior wall myocardial infarction treated by primary PCI. Panels (A) and (C) are 

cine images at baseline (A) and 4 months (C) after myocardial infarction. (B) and (D) are corresponding late gadolinium-

enhanced CMR images. At baseline, a region of microvascular obstruction (hypoenhanced region; black arrows) can be seen 

within the infarcted hyperenhanced bright area. At follow-up, the left ventricle has dilated, wall thinning occurred, and the 

‘no-reflow’ has disappeared with a subsequent decrease in infarct size. 

A                   C

B                   D
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Cell therapy as an adjunctive therapy for acute myocardial infarction 
As described earlier, despite optimal medical therapy and advanced revascularization strate-
gies, 30% of the patients suffer from post-infarct heart failure due to left ventricular remodel-
ing. Ventricular remodeling induces profound changes, resulting in left ventricular dilatation 
and deterioration of function, which may lead to congestive heart failure.47 Prevention of this 
serious complication has become a major challenge. During the last decennium, the role of 
bone marrow cells has been underscored in the healing process after acute MI.  
It has been shown that the number of circulating CD34+ cells, including the hematopoietic 
stem cells and the endothelial progenitor cells, increases after acute MI.48 These cells are 
recruited from the bone marrow to the infarcted area by chemokines such as stromal cell-
derived factor-1.49 The spontaneous mobilization of these cells from the bone marrow to the 
infarcted area may be an important reparative mechanism.  
For many years the traditional concept has been that infarcted myocardium results in irre-
versible scarring without replacement by functional, contractile tissue. However, studies from 
clinical heart and bone marrow transplantation provide evidence that primitive cell migra-
tion and proliferation can occur within the myocardium. Quaini et al. demonstrated that 
female donor hearts in humans were (re-)populated with cells derived from the male recipi-
ent.50 There was a high degree of differentiation of these cells, which formed new myocytes, 
coronary arterioles, and capillaries. In addition, Orlic et al. showed, in a chronic MI model in 
mice, that the infarcted myocardium was repopulated with hematopoietic stem cells, which 
may transform to cells with a contractile phenotype.51 These are thought-provoking findings, 
and renewal of the infarcted myocardium with pluripotent stem cells has become an attrac-
tive possibility and a subject of intense research. 
Based on these findings, bone marrow cells were suggested to circulate in the blood and to 
replace damaged myocardial tissue after acute MI. Promptly, small clinical trials of intracoro-
nary infusion of bone marrow cells in patients with acute MI were initiated.52,53 The capability 
of bone marrow cells to replace damaged myocardial tissue is currently being questioned, 
because other laboratories were unable to reproduce the findings by Orlic et al.54,55 It seems 
more likely that the potential beneficial effects of cell infusion observed in several experi-
mental and clinical studies are induced by presumed paracrine effects such as enhanced 
arteriogenesis and angiogenesis, following the release of cytokines.56,57 In Figure 3 several 
possible mechanisms of cell therapy are illustrated.  
After the first preliminary reports, several small and mid-sized randomized trials have been 
performed with conflicting results.58–61 A considerable degree of heterogeneity has been 
observed among these trials and this may in part be explained by differences in cell isolation 
protocols, timing of cell infusion, patient selection, and the imaging modalities used to 
measure the treatment effect. Cell therapy is a promising new treatment however there are 
many unanswered questions and results of other ongoing randomized trials are awaited to 
define the therapeutic potential of bone marrow cell therapy in AMI. 
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Figure 3. Possible mechanisms of cell therapy in patients after acute myocardial infarction. 

 
 
Outline of the thesis 

Part 1 (chapters 2–7): the ICTUS trial 
The first part of this thesis concerns a large multicenter Dutch study, the ICTUS trial, that 
compared an early invasive with a selective invasive treatment strategy in patients with nSTE-
ACS. Patients were randomly assigned either to an early invasive strategy, including early 
routine catheterization and revascularization where appropriate, or to a more selective 
invasive strategy, where catheterization was done if the patient had refractory angina or 
recurrent ischemia. In Chapter 2 the long-term follow-up of the ICTUS trial is described to 
assess the effects of these two treatment strategies on clinical outcomes up to 4 years. In 
Chapter 3 we investigate the association between actual in-hospital revascularization and 
long-term clinical outcomes in the ICTUS trial and compared these results with the outcomes 
of the randomized treatment strategies. In addition, we further characterize the patients who 
were triaged to medical management despite an intended invasive strategy. The next 3 
chapters explore several factors for additional risk stratification in patients with nSTE-ACS and 
determine whether additional risk stratification can identify patients that may benefit most 
from an early invasive treatment strategy. The value of ST-segment deviation on the admis-
sion electrocardiogram is described in Chapter 4, the value of N-terminal pro-brain natriuretic 
peptide concentrations at admission in Chapter 5, and the value of cystatin C concentration 
in Chapter 6. A cost-effectiveness analysis of an early invasive treatment in the ICTUS trial is 
described in Chapter 7. 
 
Part 2 (chapters 8–12): clinical and functional outcomes after primary PCI 
In the second part of the thesis, several studies are described in which different clinical and 
function outcomes are assessed in patients after an ACS treated by PCI. In Chapter 8 early and 
late mortality is evaluated in patients with STEMI treated with primary PCI compared with 
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early and late mortality in patients undergoing PCI for unstable angina or NSTEMI and stable 
angina. The next chapters describe the assessment of cardiac function, infarct size, and 
especially microvascular injury by CMR in patients after an acute MI. The aim of the study 
presented in Chapter 9 was to determine whether the presence and severity of mcrovascular 
injury measured by CMR was related to intracoronary Doppler flow measurements for the 
assessment of myocardial reperfusion. In Chapter 10 early electrocardiographic findings after 
primary PCI are related to myocardial function, necrosis and microvascular injury in the first 
week after MI. Chapters 11 and 12 focus on predictors of functional recovery after acute MI. In 
Chapter 11 we examine the relation between angiographic, electrocardiographic, and CMR 
characteristics of microvascular injury and their relation with left ventricular remodeling. 
Chapter 12 explores 3 different CMR techniques for detection of microvascular obstruction 
and tests which is the best prognostic marker of remodeling. 
 
Part 3 (chapters 13–16): the HEBE trial 
The third part concerns another Dutch multicenter study, the HEBE trial. In this trial the 
concept of improving left ventricular function by infusion of autologous bone marrow cells 
after primary PCI is tested in patients with a large MI. The trial is named after the Greek 
goddess Hebe, the goddess of eternal youth. In Chapter 13 the rationale and design of the 
HEBE trial is presented. Prior to the main trial, a nonrandomized pilot trial was performed in 
which all patients were treated with mononuclear bone marrow cells to assess the safety and 
feasibility of intracoronary cell infusion in a multicenter setting (Chapter 14). Clinical trials 
that investigated the effect of intracoronary infusion of bone marrow cells have shown 
conflicting results and it is suggested that differences in cell isolation protocols are responsi-
ble for these positive and negative results. To validate the cell isolation protocol used in the 
HEBE trial, different cell isolation methods used in clinical trials (including the HEBE trial) are 
compared by testing several quantitative and qualitative in vitro parameters of the cells 
(Chapter 15). Chapter 16 describes the main results of the randomized, controlled HEBE trial 
in which we randomly assigned patients with a first acute MI treated by primary PCI to either 
intracoronary infusion of autologous mononuclear bone marrow cells, intracoronary infusion 
of mononuclear peripheral blood cells, or standard therapy.  
 
Finally, a general discussion of the findings of this thesis is presented in context of ongoing 
research, including conclusions and recommendations for future research. 
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Abstract 

Background  

The ICTUS trial was a study that compared an early invasive with a selective invasive treat-
ment strategy in patients with non-ST-elevation acute coronary syndrome (nSTE-ACS). The 
study reported no difference between the strategies for frequency of death, myocardial 
infarction, or rehospitalization after 1 year. We did a follow-up study to assess the effects of 
these treatment strategies after 4 years. 

Methods  

1200 patients with nSTE-ACS and an elevated cardiac troponin were enrolled from 42 hospi-
tals in the Netherlands. Patients were randomly assigned either to an early invasive strategy, 
including early routine catheterization and revascularization where appropriate, or to a more 
selective invasive strategy, where catheterization was done if the patient had refractory 
angina or recurrent ischemia. The main endpoints for the current follow-up study were death, 
recurrent myocardial infarction, or rehospitalization for anginal symptoms within 3 years 
after randomization, and cardiovascular mortality and all-cause mortality within 4 years. 
Analysis was by intention-to-treat. This study is registered as an International Standard 
Randomised Controlled Trial, number ISRCTN82153174. 

Results  

The in-hospital revascularization rate was 76% in the early invasive group and 40% in the 
selective invasive group. After 3 years, the cumulative rate for the combined endpoint was 
30.0% in the early invasive group compared with 26.0% in the selective invasive group 
(hazard ratio 1.21; 95% CI 0.97–1.50; p=0.09). Myocardial infarction was more frequent in the 
early invasive strategy group (106 (18.3%) vs 69 (12.3%); HR 1.61; 1.19–2.18; p=0.002). Rates of 
death or spontaneous myocardial infarction were not different (76 (14.3%) patients in the 
early invasive and 63 (11.2%) patients in the selective invasive strategy (HR 1.19; 0.86–1.67; 
p=0.30)). No difference in all-cause mortality (7.9% vs 7.7%; p=0.62) or cardiovascular mortal-
ity (4.5% vs 5.0%; p=0.97) was seen within 4 years. 

Conclusion  

Long-term follow-up of the ICTUS trial suggests that an early invasive strategy might not be 
better than a more selective invasive strategy in patients with nSTE-ACS and an elevated 
cardiac troponin, and implementation of either strategy might be acceptable in these pa-
tients. 
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Introduction 

The optimum treatment of patients with a non-ST-elevation acute coronary syndrome (nSTE-
ACS) has been debated during the past 10 years. A meta-analysis that compared a routine 
invasive strategy with a more conservative strategy in patients with nSTE-ACS showed 
superiority of an early invasive strategy in reducing major cardiovascular events as well as 
severe angina and rehospitalization.1 The early risk associated with a routine early invasive 
strategy was balanced by a reduction in adverse events during follow-up.  
When the results of all strategy trials are taken into account as a whole, a mortality benefit at 
6–12 months of an early invasive strategy could not be shown.1,2 Whether the early risk of an 
invasive strategy is outweighed by a long-term benefit is unclear. The 5-year mortality rates 
in the FRISC-II and RITA 3 trials have shown divergent results.3–5 In the FRISC-II trial, there was 
a significant reduction in mortality at 2 years associated with early invasive management 
(3.7% vs 5.4%; p=0.04) that was not sustained at 5 years (9.7% vs 10.1%; p=0.69). By contrast, 
survival curves in the RITA 3 study started to diverge only after 2 years in favour of the early 
invasive strategy, resulting in a mortality of 12.1% in the early invasive strategy and 15.1% in 
the conservative strategy at 5 years (p=0.054).3–5 In the RITA 3 study, cardiovascular mortality 
was significantly reduced at 5 years (7.3% vs 10.6%; p=0.026) and both studies recorded a 
significant reduction in the combined endpoint of death or non-fatal myocardial infarction in 
patients randomized to an early invasive strategy, particularly in high risk patients.  
The ICTUS trial did not show superiority of an early invasive strategy in patients with nSTE-
ACS and an elevated troponin at 1-year follow-up.6 We report the 3-year clinical follow-up of 
these patients with regard to death, recurrent myocardial infarction, and rehospitalization for 
anginal symptoms and the 4-year follow-up with regard to cardiovascular and all-cause 
mortality. 
 
Methods 

Patients 
The ICTUS trial was a randomized multicenter trial and the details of the design and main 
results at 1 year have been published previously.6 Between July, 2001, and August, 2003, 
1200 patients were enrolled from 42 hospitals in the Netherlands, 12 of which were high-
volume centers with facilities for percutaneous coronary intervention (PCI) and on-site 
cardiac surgery. Eligible patients had to meet three criteria: (i) symptoms of ischemia that 
were increasing or occurring at rest, with the last episode taking place no longer than 24 h 
before randomization; (ii) a raised serum cardiac troponin T (≥0.03 μg/L); and (iii) either 
ischemic changes on the electrocardiogram or a documented history of coronary artery 
disease. Main exclusion criteria were: age younger than 18 years or older than 80 years, 
ST-elevation myocardial infarction in the last 48 h, an indication for reperfusion therapy, 
hemodynamic instability or overt congestive heart failure, and increased risk of bleeding. 
This study complied with the principles set out in the Declaration of Helsinki. All patients 
gave written informed consent before randomization and the collection of long-term follow-
up information was approved by the authorized ethics committee. 
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Procedures 
Patients were randomly assigned with the use of a central telephone system.6 Patients 
assigned to the early invasive strategy were scheduled to undergo angiography within 24–
48 h after randomization and percutaneous revascularization when appropriate based on the 
coronary anatomy. Cardiac surgery was recommended in the event of extensive 3-vessel 
disease or severe left main stem disease, and was to be done as soon as possible. Patients 
assigned to the selective invasive strategy were initially managed medically. These patients 
were to undergo angiography and subsequent revascularization only in the event of refrac-
tory angina despite optimum medical treatment, hemodynamic or rhythmical instability, or 
substantial ischemia on the pre-discharge exercise test. Coronary angiography and revascu-
larization after the index hospital phase was done if severe anginal symptoms were present 
despite optimum anti-anginal medication or when documented ischemia on an ischemia 
detection test was present. 
The protocol specified that patients receive daily aspirin, enoxaparin (1 mg/kg twice a day) 
subcutaneously for at least 48 h, and abciximab during all percutaneous coronary interven-
tion procedures. Abciximab was made available to the investigators during the first year of 
follow-up and after 1 year the use of abciximab was at the operator’s discretion. The early use 
of clopidogrel (300 mg followed by 75 mg a day) in combination with aspirin was recom-
mended to the investigators when the drug became available in the Netherlands in 2002 for 
the ACS indication.7 The protocol recommended intensive lipid-lowering therapy, preferably 
with 80 mg of atorvastatin daily or equivalent, started as soon as possible after randomiza-
tion and continued indefinitely. Analysis was by intention to treat. 
 
Follow-up and outcome 
Patients were seen at the outpatient clinic at 1, 6, and 12 months. For the long-term clinical 
outcome, patients were contacted by telephone between 2 years and 4 years after randomi-
zation. All potential outcome events were recorded and the patients’ medical drug regimen 
was carefully assessed. In the event of a repeat hospital admission, follow-up information was 
obtained from hospital records. All hospitalizations were checked unless the patient had 
indicated that there was an unequivocally non-cardiac reason for admission. If the patient 
could not be contacted, information was obtained from the patients’ family, family doctor, 
treating cardiologist, and hospital records. Follow-up for clinical events was censored at the 
actual date of the last telephone contact or at 3 years, whichever came first. If the patient was 
lost to follow-up, censoring was done at the date of last clinical follow-up. Information for 
vital status and cause of death when applicable was obtained by identifying the patients in 
the national population registry (Dutch Central Bureau of Statistics) and was verified by the 
registry until May 1, 2006. Follow-up for mortality was censored at May 1, 2006, or at 4 years. 
If a patient could not be identified in the national registry, censoring was at the date of the 
last contact. 
The primary outcome was the composite endpoint death, recurrent myocardial infarction, or 
rehospitalization for anginal symptoms. Secondary outcomes of the study were death, 
cardiovascular death, myocardial infarction, first spontaneous myocardial infarction, first pro-
cedural related myocardial infarction, rehospitalization for anginal symptoms, the composite 
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endpoint death or myocardial infarction, and the endpoint death or spontaneous myocardial 
infarction. Deaths were classified as cardiovascular or non-cardiovascular on the basis of 
hospital records, information from the patients’ family doctor, and death certificates. Myo-
cardial infarction was defined as documented myocardial necrosis either in the setting of 
myocardial ischemia (spontaneous myocardial infarction) or in the setting of PCI following 
the recommendations of the Consensus Committee for the definition of myocardial infarc-
tion.8 Myocardial necrosis during the first year of follow-up was defined by an elevation in the 
CK myocardial band (CK-MB) concentration above the upper limit of normal (ULN). In the 
event of a raised CK-MB concentration at randomization, recurrent myocardial infarction 
during the first 48 h was diagnosed when there was a 50% decrease from a previous peak 
value, followed by a subsequent rise to a level exceeding the ULN. Because the concentra-
tions of CK-MB were not routinely measured in all hospitals after 1 year, an elevation of 
troponin above the ULN was also regarded as a marker for myocardial necrosis in the setting 
of a spontaneous myocardial infarction after 1 year. A myocardial infarction in the setting of 
coronary artery bypass grafting (CABG) needed the appearance of new Q-waves on the 
electrocardiogram. All events were adjudicated by a blinded events committee. 
 
Statistical analysis 
Cumulative event rates for each cardiovascular outcome were calculated according to the 
Kaplan–Meier method, and the timing of the events illustrated by Kaplan–Meier plots. Treat-
ment groups were compared with log-rank tests without adjustments for covariates. Hazard 
ratios with 95% CIs were obtained with Cox proportional hazards models, with treatment 
allocation as the only covariate. Proportional hazards assumptions were verified by graphical 
examination of the partial residuals and by testing the significance of the interaction be-
tween treatment and time. In a separate analysis, the cumulative event rates were calculated 
from hospital discharge to end of follow-up. Patients who had a non-fatal event during initial 
hospitalization were again at risk for new events between hospital discharge and end of 
follow-up. 
The FRISC scoring system was used for risk stratification, and patients were stratified accord-
ing to the FRISC score.5,9 The FRISC score was developed with data for the endpoint death or 
myocardial infarction from the FRISC-II trial, and is the sum of the following factors present at 
admission: age older than 65 years, male sex, diabetes mellitus, previous myocardial infarc-
tion, ST-segment depression on admission, raised troponin concentration (≥0.03 μg/L), and 
raised concentration of C-reactive protein (≥10 mg/L). In the ICTUS trial, the association 
between the treatment effect and the patients’ risk on the outcome of death or spontaneous 
myocardial infarction was assessed by an interaction test in a Cox model. 
All statistical tests were two-tailed, and a p value less than 0.05 was deemed significant. 
Statistical analysis was done with the Statistical Package for Social Sciences software (SPSS 
12.0 for Windows), and for the meta-analysis Review Manager (RevMan 4.2 for Windows) was 
used. The study has been assigned the International Standard Randomised Control Trial 
Number ISRCTN82153174. 
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Role of the funding source 
The sponsors of the study had no role in study design, data collection, data analysis, data 
interpretation, or writing of the report. The corresponding author had full access to all the 
data in the study and had final responsibility for the decision to submit for publication. 
 
Results 

A total of 1200 patients with nSTE-ACS and an elevated cardiac troponin level were randomly 
assigned to an early invasive strategy (604) or to a selective invasive strategy (596; Figure 1). 
In both treatment groups, the median follow-up was 2.7 years for clinical events. Five pa-
tients (4 randomized to selective invasive and 1 to early invasive) were lost to follow-up. In 
both treatment groups, 97% of patients were identified in the national population registry 
with a median follow-up duration for death of 3.4 years. 

 

              Figure 1. Trial profile. 

 
The baseline characteristics of the study population were well matched between strategy 
groups (Table 1). The median age was 62 years; 73% were men; 14% had diabetes; 38% used 
aspirin before admission; and 23% were known to have a clinical history of myocardial 
infarction. The median length of initial hospitalization was 1 day shorter in the early invasive 
group than in the selective invasive group (6 days vs 7 days). Medical therapy at discharge 
and during follow-up is described in Table 2. Pharmacological therapy for secondary preven-
tion at end of clinical follow-up was high, with 91% of the patients using aspirin, 93% statins, 
and 72% β-blockers. No differences in medical therapy were seen between the 2 treatment 
strategies at end of follow-up. 
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Table 1. Baseline characteristics. 

 Early invasive (n=604) Selective invasive (n=596) 

Age (years) 62 (55–71) 62 (54–71) 

Males 446 (74%) 434 (73%) 

Diabetes mellitus 86 (14%) 80 (13%) 

History of myocardial infarction 153 (25%) 125 (21%) 

Prior aspirin use 235 (39%) 221 (37%) 

ST-segment deviation ≥0.1mV* 284 (49%) 290 (51%) 

C-reactive protein (mg/L)† 3.5 (1.7–9.6) 4.3 (1.9–11.4) 

Creatinine clearance (ml/min/1.73 m2) 85 (68–103) 85 (70–103) 

Troponin T (μg/L) 0.29 (0.12–0.78) 0.29 (0.13–0.69) 

Low risk (FRISC score 1-2) 163 (27%) 173 (29%) 

Medium risk (FRISC score 3-4) 368 (61%) 346 (58%) 

High risk (FRISC score 5-7) 73 (12%) 77 (13%) 

Data are number (%) or median (25th–75th percentile). *Measured on electrocardiogram at admission in 578 patients in 

the early invasive group and 571 in the selective invasive group; †Samples for C-reactive protein were available in 579 

patients in the early invasive group and 565 patients in the selective invasive group. 

 
In the early invasive strategy group, coronary angiography was done in 97% of the patients 
within 2 days and in 98% of the patients during initial hospitalization, compared with 11% 
and 53%, respectively, in the selective invasive strategy group. The Kaplan–Meier estimates 
for coronary angiography at 3 years were 99% in the early invasive group versus 70% in the 
selective invasive group. The reason for cardiac catheterization during initial hospitalization 
in the patients randomly assigned to the selective invasive strategy was refractory angina in 
51%, significant ischemia on exercise test in 41%, and other reasons in 8%. 
PCI or CABG was done during initial hospitalization in 76% and 40% of the patients in the 
early invasive and selective invasive group, and the Kaplan–Meier estimates at 3 years were 
81% and 58%, respectively. In the early invasive strategy group, 88% of the patients treated 
with PCI during the initial hospitalization received one or more stents, and 4% of the PCI 
patients received at least one drug-eluting stent compared with 89% and 5% in the selective 
invasive strategy group. Glycoprotein IIb/IIIa inhibitors were used during 94% and 75% of the 
in-hospital PCI procedures in the early invasive and selective invasive strategy group, respec-
tively. Within a year after randomization, 93% and 69% of the patients who underwent a PCI 
were treated with glycoprotein IIb/IIIa inhibitors at the time of PCI. Of the patients who were 
revascularized within 3 years, CABG was the first procedure in 23% (110 of 486) of those in 
the early invasive group and 26% (88 of 342) in the selective invasive group. Figure 2 shows 
the revascularization rates in different time frames. Of the patients who underwent PCI or 
CABG within 3 years, 14% (67 of 486) of those in the early invasive group and 12% (42 of 342) 
of those in the selective invasive group had more than one procedure. 
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Table 2. Medication therapy at discharge and during follow-up. 

 At discharge At 1 year follow-up At long-term follow-up* 

  

Early 

invasive 

(n=598) 

Selective 

invasive 

(n=591) 

 

Early 

invasive 

(n=571) 

Selective 

invasive 

(n=558) 

 

Early 

invasive 

(n=528) 

Selective 

invasive 

(n=510) 

Aspirin  92% 95%  92% 93%  91% 91% 

Ace-inhibitors  30% 34%  34% 33%  30% 28% 

β-blockers  87% 89%  79% 80%  71% 74% 

Clopidogrel†  62% 49%  17% 14%  7% 5% 

Calcium-channel antagonists  16% 28%  18% 24%  19% 19% 

Nitrates  18% 32%  13% 19%  14% 19% 

Statins  91% 94%  93% 95%  92% 94% 

*Median follow-up of 2.7 years; †Treatment with clopidogrel in addition to aspirin for a duration of 9 months was rec-

ommended to the investigators when clopidogrel became available in the Netherlands in 2002 for the ACS indication. 
 

Figure 2. Revascularization procedures over time. The Kaplan–Meier estimates for revascularization at 3 years were 81% in 

the early invasive strategy group compared to 58% in the selective invasive strategy group. PCI = percutaneous coronary 

intervention; CABG = coronary artery bypass grafting; EI = early invasive strategy; SI = selective invasive strategy. 

 
Table 3 shows the cumulative event rates and hazard ratios for all specified cardiovascular 
outcomes. The estimated 3-year cumulative event rate for the composite endpoint death, 
myocardial infarction, or rehospitalization for anginal symptoms was similar in the two 
treatment groups (30.0% in the early invasive vs 26.0% in the selective invasive group; 
p=0.09). There were more rehospitalizations for anginal symptoms in the selective invasive 
group. However, unlike the results at 1-year follow-up, the difference is not significant (10.1% 
vs 12.4%, p=0.18). The 3-year event rate of myocardial infarction was higher in the early 
invasive group than in the selective invasive group with a hazard ratio (HR) of 1.61 (p=0.002). 
This difference was entirely due to the occurrence of more procedural related myocardial 
infarctions in the early invasive strategy group with a HR of 2.07 (95% CI 1.39–3.10; p=0.0002). 

EI SI EI SI EI SI EI SI EI SI

Follow-up period (months)

0

10

20

30

40

50

60

70

80

R
ev

as
cu

la
riz

at
io

n 
(%

)

77%

43%

5%
11%

6% 6% 4% 3% 2% 1%

PCI
CABG

0 – 1 1 – 4 4 – 12 12 – 24 24 – 36



Long-term outcome of the ICTUS trial 31 

Ta
bl

e 
3.

 E
ve

nt
 ra

te
s 

an
d 

ha
za

rd
 ra

tio
s 

fo
r c

ar
di

ov
as

cu
la

r e
ve

nt
s.

 

 
 

Ea
rl

y 
in

va
si

ve
 (n

=
60

4)
 

Se
le

ct
iv

e 
in

va
si

ve
 (n

=
59

6)
 

H
az

ar
d 

ra
ti

o 

(9
5%

 C
I)

 

Lo
g-

ra
n

k 

p 
va

lu
e 

 
 

2 
ye

ar
s 

3 
ye

ar
s 

4 
ye

ar
s 

2 
ye

ar
s 

3 
ye

ar
s 

4 
ye

ar
s 

 
 

Fo
ll

ow
-u

p 
fo

r 
vi

ta
l s

ta
tu

s 
 

 
 

 
 

 
 

 
 

 
 

De
at

h 
fr

om
 a

ny
 c

au
se

 
 

27
 (4

.5
%

) 
42

 (7
.1

%
) 

45
 (7

.9
%

) 
 

26
 (4

.4
%

) 
35

 (6
.0

%
) 

40
 (7

.7
%

) 
 

1.
11

 (0
.7

3–
1.

70
)

0.
62

 

De
at

h 
fr

om
 c

ar
di

ov
as

cu
la

r c
au

se
s 

 
16

 (2
.7

%
) 

25
 (4

.2
%

) 
26

 (4
.5

%
) 

 
19

 (3
.2

%
) 

23
 (3

.9
%

) 
26

 (5
.0

%
) 

 
0.

99
 (0

.5
7–

1.
70

)
0.

97
 

Cl
in

ic
al

 fo
ll

ow
-u

p 
 

 
 

 
 

 
 

 
 

 
 

Sp
on

ta
ne

ou
s 

m
yo

ca
rd

ia
l i

nf
ar

ct
io

n 
 

31
 (5

.2
%

) 
40

 (7
.4

%
) 

–
 

 
37

 (6
.3

%
) 

39
 (7

.2
%

) 
–

 
 

1.
02

 (0
.6

5–
1.

58
)

0.
94

 

Pr
oc

ed
ur

al
 re

la
te

d 
m

yo
ca

rd
ia

l i
nf

ar
ct

io
n 

 
72

 (1
2.

0%
) 

72
 (1

2.
0%

) 
–

 
 

36
 (6

.1
%

) 
36

 (6
.1

%
) 

–
 

 
2.

07
 (1

.3
9–

3.
10

)
<

0.
00

1 

M
yo

ca
rd

ia
l i

nf
ar

ct
io

n 
 

98
 (1

6.
3%

) 
10

6 
(1

8.
3%

) 
–

 
 

67
 (1

1.
4%

) 
69

 (1
2.

3%
) 

–
 

 
1.

61
 (1

.1
9–

2.
18

)
0.

00
2 

Re
ho

sp
ita

liz
at

io
n 

fo
r a

ng
in

al
 s

ym
pt

om
s 

 
55

 (9
.3

%
) 

58
 (1

0.
1%

) 
–

 
 

70
 (1

2.
0%

) 
71

 (1
2.

4%
) 

–
 

 
0.

79
 (0

.5
6–

1.
12

)
0.

18
 

De
at

h 
or

 m
yo

ca
rd

ia
l i

nf
ar

ct
io

n 
 

12
0 

(1
9.

9%
) 

13
9 

(2
4.

7%
) 

–
 

 
86

 (1
4.

4%
) 

91
 (1

5.
9%

) 
–

 
 

1.
60

 (1
.2

3–
2.

09
)

<
0.

00
1 

De
at

h 
or

 s
po

nt
an

eo
us

 m
yo

ca
rd

ia
l i

nf
ar

ct
io

n 
 

55
 (9

.1
%

) 
76

 (1
4.

3%
) 

–
 

 
57

 (9
.6

%
) 

63
 (1

1.
2%

) 
–

 
 

1.
19

 (0
.8

6–
1.

67
)

0.
30

 

De
at

h,
 m

yo
ca

rd
ia

l i
nf

ar
ct

io
n 

or
 re

ho
sp

ita
liz

at
io

n 

fo
r a

ng
in

al
 s

ym
pt

om
s 

 
16

0 
(2

6.
5%

) 
17

5 
(3

0.
0%

) 
–

 
 

14
5 

(2
4.

3%
) 

15
0 

(2
6.

0%
) 

–
 

 
1.

21
 (0

.9
7–

1.
50

)
0.

09
 

   
Da

ta
 a

re
 n

um
be

r o
f p

at
ie

nt
s 

w
ith

 p
er

ce
nt

ag
es

 fr
om

 th
e 

Ka
pl

an
–

M
ei

er
 c

ur
ve

s.
 



Chapter 2 32 

Of the patients who underwent at least one PCI or CABG within 3 years, a procedural related 
myocardial infarction occurred in 72 (14.8%) of 486 patients in the early invasive and 36 
(10.5%) of 342 patients in the selective invasive group. The cumulative event rate for sponta-
neous myocardial infarction was similar, with 7.4% in the early invasive group and 7.2% in the 
selective invasive group (p=0.94). No significant difference was seen in the occurrence of the 
composite endpoint of death or spontaneous myocardial infarction at the end of clinical 
follow-up between the early invasive and selective invasive group (76 (14.3%) vs 63 (11.2%); 
HR 1.19 (95% CI 0.86–1.67), p=0.30). Of the 108 patients with an in-hospital myocardial 
infarction, the 4-year mortality was 6.6% compared with 7.9% in the 1092 patients without an 
in-hospital myocardial infarction (HR 0.88; 95% CI 0.41–1.92; p=0.75). 
Figure 3 shows the Kaplan–Meier curves for the combined endpoint death, myocardial 
infarction, or rehospitalization for anginal symptoms, the combined endpoint of death or 
spontaneous myocardial infarction, and the endpoint of death and death from cardiovascular 
causes. In total, 85 of 1200 patients died during follow-up. After 4 years, no difference in all-
cause mortality (7.9% vs 7.7%, p=0.62) or in death from cardiovascular causes (4.5% vs 5.0%, 
p=0.97) was seen between the patients randomly assigned to an early invasive strategy or a 
selective invasive strategy. The Kaplan–Meier curves showed no significant difference in all-
cause mortality or in cardiovascular death at any time during follow-up. 
 

 

Figure 3. Cumulative risk according to treatment strategy of (A) the combined endpoint death, myocardial infarction, or 

rehospitalization for anginal symptoms, (B) death, (C) death or spontaneous myocardial infarction, and (D) death from 

cardiovascular cause.  
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Major bleeding during the initial hospitalization was seen in 19 patients (3.1%) in the early 
invasive strategy group and in ten patients (1.7%) in the selective invasive strategy group.6 Of 
the 29 patients with an in-hospital major bleeding, the 4-year mortality was 18.6%, compared 
with 7.5% in the 1171 patients without in-hospital major bleeding (HR 2.68; 95% CI 1.08–6.61; 
p=0.03). 
The cumulative event rates from hospital discharge until the end of follow-up are shown in 
Table 4. The rate of the composite endpoint death, myocardial infarction, or rehospita-
lization at 1 year after discharge was significantly lower with an early invasive strategy than 
with a selective invasive strategy (68 events (11.4%) vs 92 events (15.6%); p=0.03). However, 
no significant difference was seen at 3-year follow-up (115 events (20.8%) vs 119 events 
(21.0%); p=0.57). At 1 year and at the end of long-term follow-up, the rates of death and 
myocardial infarction were similar for both strategies. At 3 years, the rate of revascularization 
was significantly lower in the early invasive group than in the selective invasive group (14.1% 
vs 23.2%; p<0.0001). 
When the cumulative event rate of death or spontaneous myocardial infarction in relation to 
the FRISC score was assessed in all patients, an increasing event rate was seen with increasing 
FRISC score (7.0% in patients with a FRISC score of 1–2, 12.5% in patients with a FRISC score 
of 3–4, and 26.2% in patients with a score of 5–7). These results confirm the prognostic value 
of this scoring system in the patients with nSTE-ACS included in the ICTUS trial. However, 
none of these different risk groups showed a benefit of an early invasive strategy, compared 
with a selective invasive strategy: low risk 7.7% vs 6.4%; HR 1.06 (95% CI 0.46–2.44); p=0.90, 
medium risk 13.8% vs 11.1%; 1.19 (0.76–1.85); p=0.45, high risk 30.6% vs 22.1%; HR 1.30 
(0.69–2.47); p=0.42 (Figure 4). 
 
Table 4. Event rates from hospital discharge until end of follow-up. 

 At 1 year after discharge  Long-term follow-up* 

  

Early 

invasive 

(n=598) 

Selective 

invasive 

(n=591) 

Log-rank

p value 
 

Early 

invasive 

(n=598) 

Selective 

invasive 

(n=591) 

Log-rank 

p value 

Follow-up for vital status (until 4 years)         

Death from any cause  10 (1.7%) 10 (1.7%) 0.97  39 (7.0%) 35 (6.9%) 0.68 

Death from cardiovascular causes  8 (1.3%) 8 (1.4%) 0.98  22 (3.9%) 21 (4.2%) 0.91 

Clinical follow-up (until 3 years)         

Revascularization (PCI/CABG)  58 (9.8%) 110 (18.7%) <0.001  80 (14.1%) 130 (23.2%) <0.001 

Myocardial infarction  20 (3.4%) 26 (4.4%) 0.34  39 (7.3%) 37 (6.9%) 0.87 

Rehospitalization for anginal symptoms  44 (7.4%) 64 (10.9%) 0.04  58 (10.1%) 71 (12.4%) 0.18 

Death, myocardial infarction or  

rehospitalization for anginal symptoms 

 68 (11.4%) 92 (15.6%) 0.03  115 (20.8%) 119 (21.0%) 0.57 

Data are number of patients with percentages from the Kaplan–Meier curves at 1 year and long-term follow-up. Patients 

who had a non-fatal event during initial hospitalization were again at risk for new events between hospital discharge and 

end of long-term follow-up. *4 years for vital status and 3 years for clinical follow-up. PCI = percutaneous coronary 

intervention; CABG = coronary artery bypass grafting. 
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Figure 4. Cumulative risk of death or spontaneous myocardial infarction by treatment strategy and FRISC score. p=0.64 for 

interaction between FRISC score (3 groups) and treatment strategy. 
 
Discussion 

In our study, an early invasive strategy was not better than a selective invasive strategy in 
patients with nSTE-ACS and a raised cardiac troponin concentration. At 4-year follow-up no 
difference in death from all causes or cardiovascular death was seen between the two strate-
gies. These results confirm the meta-analysis of Mehta and colleagues,1 including seven 
strategy trials that did not show a mortality benefit in the short term. 
When combining only strategy trials that routinely used stents in PCI procedures, no differ-
ence in 6-month to 12-month mortality was recorded (122 of 3899 (3.1%) vs 147 of 3919 
(3.8%); relative risk 0.82, 95% CI 0.57–1.19).2 The Kaplan–Meier curves of the long-term follow-
up of the FRISC-II and RITA 3 trials showed strikingly different patterns. In the RITA 3 trial the 
survival curves diverged only after 2 years in favor of the early invasive strategy group, and 
continued to diverge until the 5-year follow-up, resulting in a mortality of 12.1% for the early 
invasive strategy compared with 15.1% for the conservative strategy (p=0.054).4 By contrast, 
the curves in the FRISC-II trial separated early after randomization and showed a significant 
mortality benefit of an early invasive strategy compared with the non-invasive group at 2 
years, although this benefit was not sustained at 5 years (9.7% vs 10.1%; p=0.69).5 In our 
present analysis of the ICTUS trial, the Kaplan–Meier curves of the two strategies are identical 
during the entire follow-up. The explanation for these differences between the Kaplan–Meier 
curves in the three studies remains to be established, and might be partly explained by 
differences in study design, revascularization rates, medical therapy during hospitalization 
and for secondary prevention, and changes in practice of invasive therapy (choice of revascu-
larization method, use of stents, and adjunctive therapy). 
From the data derived from a meta-analysis of 4-year to 5-year mortality in FRISC-II, RITA 3, 
and ICTUS, the evidence could reasonably be compatible with a modest mortality benefit 
associated with an early invasive strategy compared with a more selective invasive strategy, 
although the CI around the point estimate for relative risk corresponds to a possible reduc-
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tion in mortality of 23% or an increase of 6% (Figure 5). This meta-analysis has several limita-
tions. First, each individual trial was not powered to assess a difference in mortality, and the 
meta-analysis could be underpowered as well. Second, the shorter duration of follow-up in 
the ICTUS trial (4 years compared with 5 years in the FRISC-II and RITA 3) might underesti-
mate potential differences between strategies that could become apparent during an addi-
tional year of follow-up. Third, the 3 trials show heterogeneity of the intensity of 
revascularization in the early invasive and selective invasive treatment groups. 
 

 

 

 

 

 

 

 

 

 

 
 

Figure 5. Meta-analysis. Relative risk for all-cause mortality in the 3 strategy trials with long-term follow-up (5 years in the 

RITA 3 and FRISC-II trial, and 4 years in the ICTUS trial). Test for heterogeneity p=0.31. Percentages shown for early invasive 

and selective invasive groups differ from reported Kaplan–Meier estimates.  

 
The 3-year clinical follow-up of the ICTUS trial showed similar rates of the combined endpoint 
death, recurrent myocardial infarction, or rehospitalization for anginal symptoms. We should 
note that the current analysis has ample power (≥80%) to detect relevant changes (relative 
risk reduction of 25%) in the frequency of the long-term combined endpoint. However, there 
were differences between the two strategy groups in the individual components of the 
combined endpoint. The rate of rehospitalization for anginal symptoms was lower in the 
early invasive strategy group than in the selective invasive group, although this difference 
was not significant. Conversely, the rate of recurrent myocardial infarction was significantly 
higher in the patients randomized to an early invasive strategy. The absolute difference of 
6.0% was due to twice the number of procedural related myocardial infarctions in the early 
invasive strategy compared with the selective invasive strategy, whereas no reduction in the 
number of spontaneous myocardial infarctions was noted during 3-year follow-up with an 
early invasive strategy. 
Our results and those from the FRISC-II and RITA 3 trials differ in the number of myocardial 
infarctions in the early invasive strategy. The higher rate in the ICTUS trial was due to (i) no 
increased risk of spontaneous myocardial infarctions with a selective invasive strategy, and (ii) 
a higher incidence of procedural related myocardial infarctions in both the early and selec-
tive invasive strategy in the ICTUS trial than the other trials. 
The rates for spontaneous myocardial infarction after 3 years were not higher than expected 
in the early invasive group but were low in the selective invasive group. In the FRISC-II trial, 

Study      Early invasive   Selective invasive             Relative risk         Relative risk (fixed)

Deaths/N (%)        Deaths/N (%)                               (95% CI) (95% CI)

RITA 3
4

102/895 (11.4%) 132/915 (14.4%) 0.79 (0.62–1.01)

FRISC-II
5

117/1222 (9.6%)  124/1235 (10.0%) 0.95 (0.75–1.21)

ICTUS           45/604 (7.4%)     40/596 (6.7%) 1.11 (0.74–1.67)

Total 264/2721 (9.7%) 296/2746 (10.8%) 0.90 (0.77–1.06)

p=0.20

0.5                     1                       2
Favours Favours

early          selective
invasive          invasive
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the rate of spontaneous myocardial infarctions at 2 years was almost 4% in the early invasive 
group and 11% in the non-invasive group compared with 5% and 6% in the ICTUS trial, 
respectively.10 The low rate of spontaneous myocardial infarctions could be due to the 
compliance to early and long-term medical treatment in our study. Patients were treated 
with aspirin, enoxaparin, and glycoprotein IIb/IIIa inhibitors at the time of PCI. 
A large difference in duration of enoxaparin treatment between the two strategy groups 
could be important. The protocol specified that all patients receive enoxaparin for at least 
48 h. Data for the exact duration of treatment with enoxaparin was not recorded in the case 
report form. Clinical practice in the Netherlands routinely included cessation of heparin after 
48 h in medically treated patients. In patients managed invasively, the continuation of 
heparin after revascularization was at the discretion of the operator. Clopidogrel was given 
after stent placement, and the early use of clopidogrel was recommended to the investi-
gators when the drug became available in the Netherlands in 2002 for the ACS indication. 
Importantly, long-term pharmacological therapy for secondary prevention was high in the 
ICTUS study, with 91% of the patients using aspirin, 93% statins, and 72% β-blockers at a 
median follow-up of 2.7 years. 
A second reason that could explain our results is the high percentage of patients that were 
revascularized in the selective invasive group compared with the other trials. In the FRISC-II 
study, the revascularization rate during initial hospitalization was 13% in the non-invasive 
group and 76% in the invasive treatment group; in the TIMI IIIB 40% vs 60%; TACTICS-TIMI 18 
36% and 60%; RITA 3 10% and 44%; and in the ICTUS study 40% and 76%.5,11–13 Therefore, the 
revascularization rate in the invasive treatment group of the RITA 3 study is nearly identical to 
the revascularization rate in the non-invasive treatment group in the ICTUS study (44% vs 
40%). Moreover, revascularization at follow-up was very similar (61% at 5 years in the RITA 3 
vs 58% at 3 years in the ICTUS). Instead of comparing an invasive strategy to a non-invasive 
strategy, the ICTUS trial compared routine, early revascularization to less aggressive, delayed 
intervention. 
An early invasive strategy was associated with a 2–4 fold increased risk of procedural related 
myocardial infarctions in the ICTUS trial and in the FRISC-II and RITA 3 trials. However, the 
absolute percentage of patients with a procedural related myocardial infarction differed 
between the studies. In the RITA 3 trial, only 2–3% of all the patients who underwent a 
revascularization procedure had a procedural related myocardial infarction compared with 
6% in the FRISC-II trial and 13% in the ICTUS trial.10,13 First, we should note that rate compari-
son for peri-interventional myocardial infarction is difficult because the definition of myocar-
dial infarction is different between the trials (ICTUS CK-MB >1 times ULN, FRISC-II >1.5 times 
the ULN, RITA 3 >2 times the ULN, and TACTICTS-TIMI 18 trial ≥3 times the ULN). The prog-
nostic implications of small PCI related myocardial infarctions are controversial.14,15 Some 
reports suggest that the prognosis of patients with small PCI-related myocardial infarctions 
should be regarded as similar to that of patients with spontaneous myocardial infarction, 
whereas other reports disagree and suggest a higher cut-off rate for myocardial infarctions 
related to PCI.16–19 Secondly, all patients in the ICTUS trial were troponin positive (troponin T 
≥0.03 μg/L), which might partly explain the prevalence of procedural related myocardial 
infarction.18 Third, the median time to PCI in the early invasive strategy of the ICTUS trial was 
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23 h compared with 4 days in that of the FRISC-II trial. The combined effect of protracted 
antiplatelet, antithrombin, and anti-ischemic therapy before PCI or CABG might have lowered 
the rate of procedure-related myocardial infarction in the FRISC-II trial.20 Fourth, CK-MB 
concentrations in the ICTUS trial were carefully and routinely measured after all PCIs (every 6 
h after PCI for 24 h). 
In our analysis of outcome after hospital discharge, an early invasive strategy had no advan-
tage over a selective invasive strategy for death or myocardial infarction. Fewer rehospitaliza-
tions and fewer revascularization procedures occurred in the early invasive group, which in 
turn might add to the patients’ quality of life. This benefit must be balanced against the 
twofold increase in risk of procedural related myocardial infarction associated with an early 
invasive strategy (although in the present trial long-term mortality was not increased in 
patients in whom myocardial infarction took place before hospital discharge). 
Both the FRISC-II and RITA 3 trial showed a benefit of an early invasive strategy for the com-
bined endpoint death or myocardial infarction at 5-year follow-up. In both studies, this 
benefit was apparent in patients with a high risk profile. However, our data do not indicate 
that an early invasive strategy would prevent death or spontaneous myocardial infarctions in 
patients with a high FRISC score. 
This study has some limitations. The difference in revascularization rates during initial hospi-
talization between the two treatment groups is 36% with a high revascularization rate of 40% 
in the selective invasive group, and this difference is reduced to 23% at 3 years, which might 
have diminished the differences in outcome. A low percentage of patients in both treatment 
groups were taking clopidogrel at discharge. The event rates in both groups would probably 
have been lower if clopidogrel was more routinely used according to present guidelines. The 
study had a power of 80% to detect a relative risk reduction of 25% in the composite end-
point death, myocardial infarction, and rehospitalization for anginal symptoms between the 
two strategy groups. The study is underpowered to compare the two strategies with regard 
to the components of the composite endpoint, to assess whether the effects of treatment are 
dependent on baseline risk, and to assess the effects of in-hospital myocardial infarction and 
major bleeding on mortality. The analysis with regard to the composite endpoint death or 
spontaneous myocardial infarction is a post-hoc analysis. In our data, no relation was seen 
between the FRISC score and the occurrence of procedural related myocardial infarctions or 
rehospitalization for anginal symptoms, and therefore the association between the treatment 
effect and the patients’ risk was investigated on the outcome death or spontaneous myocar-
dial infarction. Finally, the duration of follow-up in our study is shorter than RITA 3 and 
FRISC-II. Therefore, we cannot exclude the possibility of late accrual of treatment benefit. 
In conclusion, the long-term follow-up of the ICTUS trial did not show that an early invasive 
strategy is better than a more selective invasive strategy in patients with nSTE-ACS and an 
elevated cardiac troponin. An early invasive strategy prevents rehospitalization but no 
reduction in death or myocardial infarction was recorded. A possible explanation for these 
findings is the relatively high revascularization rate of 40% in-hospital and 58% during long-
term follow-up in the selective invasive group, together with optimized medical treatment 
including low-molecular-weight heparin, glycoprotein IIb/IIIa inhibition at the time of PCI, 
clopidogrel, and intensive medical therapy for secondary prevention during follow-up. 
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Abstract 

Background  

In several observational studies, revascularization is associated with substantial reduction in 
mortality in patients with non-ST-segment elevation acute coronary syndrome (nSTE-ACS). 
This has strengthened the belief that routine early angiography would lead to a reduction in 
mortality. We investigated the association between actual in-hospital revascularization and 
long-term outcome in patients with nSTE-ACS included in the ICTUS trial. 

Methods  

The study population of the present analysis consists of ICTUS participants who were dis-
charged alive after initial hospitalization. The ICTUS trial was a randomized, controlled trial in 
which 1200 patients were randomized to an early invasive or selective invasive strategy. The 
endpoints were death from hospital discharge until 4 year follow-up and death or spontane-
ous myocardial infarction (MI) until 3 years. 

Results  

Among 1189 patients discharged alive, 691 (58%) underwent revascularization during initial 
hospitalization. In multivariable Cox regression analyses, in-hospital revascularization was 
independently associated with a reduction in 4-year mortality and 3-year event rate of death 
or spontaneous MI: hazard ratio (HR) 0.59 (95% confidence interval (CI) 0.37–0.96) and 0.46 
(95% CI 0.31–0.68). However, when intention-to-treat analysis was performed, no differences 
in cumulative event rates were observed between the early invasive and selective invasive 
strategies: HR 1.10 (95% CI 0.70–1.74) for death and 1.27 (95% CI 0.88–1.85) for death or 
spontaneous MI. 

Conclusion  

The ICTUS trial did not show that an early invasive strategy resulted in a better outcome than 
a selective invasive strategy in patients with nSTE-ACS. However, similar to retrospective 
analyses from observational studies, actual revascularization was associated with lower 
mortality and fewer MI. Whether an early invasive strategy leads to a better outcome than a 
selective invasive strategy cannot be inferred from the observation that revascularized 
patients have a better prognosis in non-randomized studies. 
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Introduction 

Data from several large observational studies have demonstrated that revascularization in 
patients with non-ST-segment elevation acute coronary syndrome (nSTE-ACS) is associated 
with a substantial reduction in mortality compared with medical treatment.1-7 In these studies, 
patients who underwent revascularization within a certain time frame after admission (i.e. 
within 14 days) were compared with patients who underwent revascularization at a later time 
point or not at all. These observations were consistent across a wide range of subgroups and 
persisted after conventional risk adjustment, such as logistic regression analysis or propensity 
scores. For example, a substudy of the GUSTO-IV trial showed a 47% reduction in mortality at 
1 year associated with revascularization within 30 days after adjustment for known patient 
and hospital characteristics.3 For many clinicians, these results have strengthened the belief 
that routine early angiography and subsequent revascularization would reduce mortality.8 In 
contrast, results from recent randomized studies have questioned whether early, invasive 
management reduces mortality. When long-term results from the three most recent trials 
(FRISC-II, RITA 3, ICTUS) are combined, there is only a non-significant trend towards fewer 
deaths with early invasive management (relative risk (RR) 0.90, 95% confidence interval (CI) 
0.77–1.06; p=0.20).9-11 
These apparently contradictory findings may have several explanations. In the randomized 
studies, patients assigned to an early invasive approach undergo early diagnostic angiogra-
phy but may subsequently be managed medically because revascularization is considered 
not indicated (no or non-significant coronary artery disease (CAD)), considered of little 
benefit (small side branch occlusion), or associated with high risk (unfavorable coronary 
anatomy or significant co-morbidities). In addition, a high proportion of patients assigned to 
the selective invasive approach may be revascularized depending on the criteria for ‘cross-
over’. And even the proportion of patients revascularized in each strategy arm differed 
substantially between the randomized trials.12,13 
At 4 years, the ICTUS trial did not show a benefit of an early invasive strategy compared with 
a selective invasive strategy in 1200 patients with nSTE-ACS and an elevated troponin T.9 The 
aim of the present analysis was to investigate the association between actual in-hospital 
revascularization and long-term outcome in the entire study population and to compare 
these results with the outcomes of the randomized treatment strategies. In addition, we 
further characterized the patients who were triaged to medical management despite an 
intended invasive strategy. 
 
Methods 

Patients and study procedures 
Design, methods, and results up to 4-year follow-up of the ICTUS trial have previously been 
described.9,12 In short, the trial was a prospective, randomized multicentre trial in which 1200 
patients with nSTE-ACS were randomized to an early invasive or a selective invasive treat-
ment strategy. Patients were eligible for inclusion if they had symptoms of ischemia that 
were increasing or occurring at rest, with the last episode occurring no longer than 24 h prior 
to randomization, and if they had an elevated serum cardiac troponin T (≥0.03 μg/L). Fur-
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thermore, they had either ischemic changes on the electrocardiogram or a documented 
history of CAD. 
Under early invasive treatment strategy, angiography was to be performed within 24–48 h 
after randomization, followed by percutaneous revascularization when appropriate based on 
the coronary anatomy. Cardiac surgery was recommended in the event of extensive three-
vessel disease or severe left main stem disease and was to be performed as soon as possible. 
In the case report form, for patients randomized to the early invasive management strategy 
who underwent angiography but who did not undergo revascularization, the investigator 
had to specify the clinical consideration for this: either A, no significant CAD, or B, other 
reasons, with a text field in order to capture additional information concerning co-
morbidities, peri-operative risk, etc. Patients randomized to the selective invasive treatment 
strategy were initially managed medically with angiography and subsequent revasculariza-
tion in the event of refractory angina under maximal medical treatment, hemodynamic or 
rhythmical instability, or significant ischemia on the pre-discharge exercise test. Angiography 
and revascularization after hospitalization were performed if severe anginal symptoms were 
present despite optimal anti-anginal medication or when documented ischemia on an 
ischemia detection test was present. The protocol specified that patients would receive daily 
aspirin, enoxaparin for at least 48 h, and abciximab during all percutaneous coronary inter-
vention (PCI) procedures. Intensive lipid-lowering therapy was recommended per protocol, 
started as soon as possible after randomization. 
Follow-up data were obtained on clinical events up to 3 years after randomization and on 
vital status up to 4 years. The clinical outcome events were evaluated by outpatient visits 
after 1, 6, and 12 months and by telephone contact between 2 and 4 years. All potential 
outcome events were recorded, and in the event of a repeat hospital admission, follow-up 
information was obtained from hospital records. Information for vital status and cause of 
death when applicable was also obtained by identifying the patients in the national popula-
tion registry (Dutch Central Bureau of Statistics). 
The main endpoints for the current analysis were death or spontaneous myocardial infarction 
(MI). MIs related to percutaneous or surgical revascularization were not counted for in this 
analysis. Spontaneous MI was defined as documented myocardial necrosis following the 
recommendations of the Consensus Committee for the definition of MI.14 The decision levels 
for cardiac enzymes of myocardial necrosis have been described in detail previously, and all 
events were adjudicated by a blinded events adjudication committee.9 All patients gave 
written informed consent before randomization and the collection of long-term follow-up 
information was approved by the authorized Ethics Committee. The study has been assigned 
the International Standard Randomised Control Trial Number ISRCTN 82153174. 
 
Statistical analysis 
In the present analysis, we compared the difference in event rates between patients who had 
been revascularized and those who had not, with the treatment effect observed between the 
arms of the prospectively randomized treatment strategies. In other words, we analyzed the 
data from the ICTUS trial as if the data had been obtained by means of an observational study. 
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All patients who were alive at discharge were included in the present analysis. Patients who 
underwent revascularization during initial hospitalization were compared with those who did 
not. In addition, patients randomized to the early invasive strategy were compared with the 
selective invasive strategy. The outcomes events for the current analysis were the composite 
of death or spontaneous MI within 3 years after discharge and death within 4 years. Patients 
who had a non-fatal event during initial hospitalization were again at risk for a spontaneous 
MI between hospital discharge and end of follow-up. 
Cumulative event rates were calculated according to the Kaplan–Meier method, and the 
timing of the events illustrated by Kaplan–Meier plots. Log-rank tests were applied to evalu-
ate the differences between survival functions. Hazard ratios (HRs) with 95% CIs were ob-
tained with Cox proportional hazards models. Follow-up for the composite endpoint was 
censored at the actual date of the last contact or at 3 years, whichever came first. Follow-up 
for mortality was censored at the date the national population registry verified vital status 
(1 May 2006), or at 4 years. Data on patients who were lost to follow-up were censored at the 
time of the last contact. 
Randomized treatment strategies were compared without adjustments for covariates, and 
analysis was by intention-to-treat. In the analyses for actual revascularization, we used the 
method of stratified analysis involving estimated baseline risk to adjust for possible imbal-
ance in risk between revascularized and non-revascularized patients.15 First, multivariable Cox 
proportional hazards models were developed for the endpoint ‘death’ and for the composite 
endpoint ‘death or spontaneous MI’, respectively. We included in the models the variable in-
hospital revascularization and factors known to have an influence on the endpoint death or 
MI in patients with nSTE-ACS (Table 1).16,17 Then, for each patient, we calculated a risk score 
for death and a risk score for death or spontaneous MI, from the coefficients in the final 
models. The covariate in-hospital revascularization was set to ‘zero’. Patients were ranked 
accordingly and subsequently divided into three strata of low, medium, and high risk. The 
boundaries were chosen so that each stratum contained an equal number of patients in 
whom the endpoint had occurred. Finally, we performed stratified analyses to adjust for 
differences in baseline risk. Proportional hazards assumptions were verified by graphical 
examination of the partial residuals for all covariates and by testing the significance of the 
interaction between each covariate and time. For continuous variables, the linearity of the 
log HR was verified. 
In additional analyses, revascularized patients were compared with non-revascularized 
patients within each randomized treatment strategy. Furthermore, non-revascularized 
patients randomized to the early invasive strategy were subdivided into two categories: 
(i) patients who did not have a coronary artery stenosis of ≥70% (≥50% for left main)(group A: 
no revascularization, no CAD) and (ii) all remaining patients who were not revascularized 
during hospitalization because of other clinical decisions stated by the local investigators (i.e. 
angiography not succeeded, revascularization deemed to carry unacceptable risk, revascu-
larization impossible, no treatable culprit lesion, or patient refusal)(group B: no revascu-
larization, other). Sensitivity analyses were performed with all patients, including those who 
died before discharge, and with a different classification of revascularized and non-
revascularized patients (revascularization within 30 days after randomization instead of 
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during initial hospitalization). Continuous variables were reported as medians with 25th and 
75th percentiles, and categorical variables were reported as frequencies with percentages. 
The Mann–Whitney U test was used to compare continuous variables, and the χ2 test to 
compare categorical variables. All statistical tests were two-tailed, and a p value <0.05 was 
deemed significant. Statistical analysis was done with the Statistical Package for Social 
Sciences software (SPSS 12.0 for windows). 
 
Table 1. Multivariable Cox regression analyses for death and death or spontaneous myocardial infarction from hospital 

discharge to end of follow-up. 

Variables Death (until 4 years) 
Death or spontaneous myocardial 

infarction (until 3 years) 

  Hazard ratio (95% CI) p value  Hazard ratio (95% CI) p value 

Age ≥70 years 1.63 (0.94–2.84) 0.08  1.46 (0.93–2.30) 0.10 

Male sex 1.24 (0.74–2.09) 0.41  1.03 (0.68–1.56) 0.89 

Diabetes mellitus 1.51 (0.87–2.63) 0.14  1.43 (0.90–2.26) 0.13 

Hypercholesterolemia 1.24 (0.74–2.08) 0.41  1.51 (1.00–2.30) 0.05 

Prior aspirin use  2.08 (1.18–3.68) 0.01  1.46 (0.92–2.33) 0.11 

Previous myocardial infarction 0.96 (0.56–1.65) 0.88  1.30 (0.83–2.03) 0.26 

ST-segment deviation ≥1mm 1.81 (1.11–2.94) 0.02  1.80 (1.22–2.66) 0.003 

Left bundle-branch block 2.71 (0.78–9.36) 0.11  3.31 (1.26–8.67) 0.01 

C-reactive protein ≥10 mg/L 2.05 (1.28–3.28) 0.003  1.39 (0.93–2.08) 0.11 

Creatinine clearance (for every 10 ml/min)* 0.85 (0.77–0.94) 0.001  0.92 (0.85–0.98) 0.02 

In-hospital revascularization 0.59 (0.37–0.96) 0.03  0.46 (0.31–0.68) <0.0001 

*The creatinine clearance rate was calculated from the equation of Cockcroft and Gault, as follows: [[140-age (years)] x 

body weight (kg)] ÷ [0.815 x plasma creatinine (μmol/L)]. For women, the correction factor of 0.85 was used. 

CI = confidence interval.  

 
Results 

Main results of the ICTUS trial up to 4 year follow-up have been described previously.9,12 In 
short, 604 of the 1200 patients were randomly assigned to an early invasive strategy, and 596 
to selective invasive strategy. The median age of the study population was 62 years; 73% 
were men; 14% had diabetes; 38% used aspirin before admission; and 23% were known to 
have a clinical history of MI. In both strategy groups, the median follow-up from randomiza-
tion was 2.7 years for the combined endpoint death or spontaneous MI, and 3.4 years for vital 
status. 
 
Use of invasive procedures during initial hospitalization 
Among the 1189 patients discharged alive, coronary angiography was performed during 
initial hospitalization in 587 (98%) patients in the early invasive strategy and in 312 (53%) 
patients in the selective invasive strategy. A total of 691 (58%) patients underwent in-hospital 
revascularization: 454 (76%) patients in the early invasive strategy and 237 (40%) in the 
selective invasive strategy. Of these patients, coronary artery bypass grafting (CABG) was the 
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first revascularization procedure in 21% and 29%, respectively. Descriptive analyses indicated 
that patients undergoing revascularization during hospitalization were more often men, 
more often used nitrates prior to admission, and had a lower C-reactive protein concentra-
tion and a higher creatinine clearance at admission. The median length of initial hospitaliza-
tion was 6 days in the early invasive group compared with 7 days in the selective invasive 
group. 
 
Actual revascularization versus randomized treatment strategies 
Figure 1 shows the Kaplan–Meier estimates from hospital discharge to the end of follow-up 
for death and the combined endpoint death or spontaneous MI stratified by both actual 
in-hospital revascularization and randomized treatment strategy. Of the patients discharged 
alive, 74 died during follow-up. The Kaplan–Meier estimates for death at 4 years were 4.8% 
(31/691) in patients who were revascularized during hospitalization compared with 10.0% 
(43/498) in patients not revascularized (HR 0.51; 95% CI 0.32–0.81). Similarly, the Kaplan–
Meier estimates for death or spontaneous MI at 3 year were significantly lower in revascular-
ized patients: 7.7% (43/691) vs 15.1% (69/498), HR 0.43; 95% CI 0.29–0.62.  
 

Figure 1. Cumulative risk of death within 4 years after hospital discharge and death or spontaneous myocardial infarction 

within 3 years by actual in-hospital revascularization (left two panels) or randomized treatment strategy (right two panels).  

 
However, when randomized treatment strategies were compared, the Kaplan–Meier estimate 
for death at 4 years was the same in patients randomized to the early invasive strategy and in 
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those randomized to the selective invasive strategy: 7.0% (39/598) and 6.9% (35/591), respec-
tively, HR 1.10; 95% CI 0.70–1.74. In patients randomized to the early invasive strategy, the 
estimated cumulative event rate for death or spontaneous MI at 3 years was 12.6% (63/598) 
compared with 8.9% (49/591) in patients in the selective invasive strategy (HR 1.27; 95% CI 
0.88–1.85). 
 
Adjustment for baseline incomparability and subgroup analysis 
After adjustment for other known risk factors in multivariable Cox regression analyses, 
in-hospital revascularization remained significantly associated with a reduction in 4-year 
mortality and 3-year event rate of death or spontaneous MI (adjusted HR 0.59; 95% CI 0.37–
0.96 and 0.46; 95% CI 0.31–0.68, Table 1). 
We used a stratified analysis to show the outcome in patients with the same baseline risk. 
From the coefficients in the two models described in Table 1, a risk score was calculated for 
death and for death or spontaneous MI. Patients were then divided into a low, medium, and 
high-risk group. The stratum-specific HRs for death and for death or spontaneous MI be-
tween revascularized and non-revascularized patients did not differ substantially between 
the strata and thereby no effect modification is apparently present (Table 2). The overall risk 
group adjusted HR was 0.56 (95% CI 0.35–0.89) for death and 0.45 (95% CI 0.31–0.66) for 
death or spontaneous MI. 
 
Table 2. Effect of in-hospital revascularization by risk of death and death or spontaneous myocardial infarction from hospital 

discharge to end of follow-up. 

  Risk score 
In-hospital 

revascularization

No in-hospital 

revascularization
Hazard ratio (95% CI) 

Death (until 4 years)       

All patients   5% (31/691) 10% (43/498)  0.51 (0.32–0.81) 

Estimated baseline risk       

     Low  ≤1.18 2% (11/515) 4% (13/350)  0.57 (0.26–1.27) 

     Medium  >1.18–2.36 11% (13/118) 16% (12/86)  0.79 (0.36–1.74) 

     High  >2.37 12% (7/58) 34% (18/62)  0.37 (0.16–0.89) 

Stratified analysis      0.56 (0.35–0.89)* 

Death or spontaneous myocardial 

infarction (until 3 years) 

      

All patients   8% (43/691) 15% (69/498)  0.43 (0.29–0.62) 

Estimated baseline risk       

     Low  ≤1.10 5% (15/402) 9% (22/275)  0.46 (0.24–0.89) 

     Medium  >1.10–2.48 9% (16/221) 16% (21/150)  0.48 (0.25–0.93) 

     High  >2.49 23% (12/68) 38% (26/73)  0.41 (0.21–0.82) 

Stratified analysis      0.45 (0.31–0.66)† 

Data are percentages from the Kaplan–Meier curves with number of events and total number of patients in brackets. 

*p=0.01 for in-hospital revascularization stratified per risk group; †p<0.0001 for in-hospital revascularization stratified 

per risk group. CI = confidence interval. 
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The association between actual in-hospital revascularization, randomized treatment strategy, 
and 4-year mortality in several subgroups is depicted in Figure 2. The reduced risk of death in 
patients who were revascularized during hospitalization was consistent in all subgroups. 
When randomized treatment strategies were compared, there was no survival benefit of the 
early invasive strategy in any subgroup. 
 
Actual revascularization by randomized treatment strategy 
The Kaplan–Meier event rates in revascularized and non-revascularized patients stratified by 
randomized treatment strategy are described in Table 3. The association of in-hospital 
revascularization and outcome was present in both the early invasive and the selective 
invasive treatment strategy. The 144 patients who were not revascularized during hospital 
admission but randomized to the early invasive treatment strategy had the highest event 
rate after discharge. In 53 of the 144 non-revascularized patients randomized to the early 
invasive treatment strategy, revascularization was not considered indicated because there 
was no significant CAD present on the angiogram (group A). The remaining 91 patients were 
managed medically because of other clinical reasons such as unfavorable coronary anatomy, 
no treatable culprit lesion, angiography not succeeded, or patient refusal (group B). The 
baseline characteristics of these subgroups are shown in Table 4. Compared with revascular-
ized patients in the early invasive treatment group, patients in group B were older, were 
more likely to have diabetes mellitus, more likely to have a history of MI and CABG, had 
higher levels of NT-proBNP, a lower creatinine clearance, and had more severe CAD. The 
timing of the events of these different subgroups of the early invasive strategy is illustrated in 
Figure 3. Non-revascularized patients in group B had a clear increased risk of death and death 
or spontaneous MI compared with revascularized patients and patients in group A 
(p<0.0001). 
 
Sensitivity analysis 
Sensitivity analyses were performed with all patients, including those who died before 
discharge. In multivariable analysis including the same covariates as described in Table 1, the 
adjusted HRs for in-hospital revascularization vs no revascularization were 0.60 (95% CI 0.38–
0.94) for death within 4 years and 0.59 (95% CI 0.42–0.84) for the endpoint death or sponta-
neous MI within 3 years. 
We also repeated the analysis with another classification of revascularized and non-
revascularized patients. Patients who underwent revascularization within 30 days after 
randomization were compared with patients who underwent no revascularization. At 30 days, 
1189 of the 1200 patients were alive and 710 (60%) of these patients were revascularized 
within 30 days. The association between revascularization and outcome remained similar 
with an adjusted HR for death at 4 years of 0.59 (95% CI 0.37–0.95) and for death or sponta-
neous MI at 3 years of 0.53 (95% CI 0.36–0.78). 
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Figure 2. Subgroup analysis of the effect of actual in-hospital revascularization and randomized treatment strategy on 

mortality from hospital discharge to 4-year follow-up. All p values for interaction between subgroups and in-hospital 

revascularization or randomized treatment strategy were not significant. *Hazard ratio and 95% confidence interval calculated 

by Cox regression analysis adjusted for risk groups described in Table 2. Revasc = in-hospital revascularization; MI = myocar-

dial infarction; CABG = coronary artery bypass grafting. 
 
 
Table 3. Event rates from hospital discharge until end of follow-up. 

 
Death  

(until 4 years) 

Death or spontaneous 

myocardial infarction  

(until 3 years) 

Randomized to early invasive strategy                 7% (39/598)               13% (63/598) 

          Revascularized                       5% (23/454)                       9% (31/454) 

          Not revascularized                    12% (16/144)                      25% (32/144) 

                   No CAD on coronary angiography                              0% (0/53)                            11% (5/53) 

                   Other reasons                            18% (16/91)                            33% (27/91) 

Randomized to selective invasive strategy                 7% (35/591)                 9% (49/591) 

          Revascularized                       4% (8/237)                      6% (12/237) 

          Not revascularized                       9% (27/354)                    11% (37/354) 

Data are percentages from the Kaplan–Meier curves with number of events and total number of patients in brackets. 

CAD = coronary artery disease. 
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Table 4. Baseline characteristics in patients discharged alive and randomized to early invasive strategy according to revascu-

larization during hospitalization. 

  

In-hospital 

revascularization 

(n=454) 

No revascularization

no CAD (group A)  

(n=53) 

No revascularization

other (group B) 

(n=91) 

 p value* 

Age (years)  62 (55–71) 60 (48–68) 65 (57–73)  0.05 

Males  342 (75%) 28 (53%) 71 (78%)  0.58 

Hypertension  161 (36%) 24 (45%) 38 (42%)  0.26 

Diabetes mellitus  61 (13%) 3 (6%) 20 (22%)  0.04 

Hypercholesterolemia   155 (34%) 15 (28%) 39 (43%)  0.11 

Current cigarette smoking  193 (43%) 14 (26%) 35 (38%)  0.48 

Family history of CAD  197 (43%) 23 (43%) 42 (46%)  0.63 

History of myocardial infarction  102 (23%) 9 (17%) 39 (43%)  <0.0001 

Previous PCI  58 (13%) 5 (9%) 14 (15%)  0.50 

Previous CABG  41 (9%) 0 21 (23%)  0.0001 

ST-segment deviation ≥0.1mV  216 (49%) 23 (46%) 42 (49%)  0.97 

Prior aspirin use  174 (38%) 13 (25%) 44 (48%)  0.08 

C-reactive protein (mg/L)  3.4 (1.7–8.5) 3.5 (1.7–8.4) 5.3 (1.7–15.9)  0.05 

NT-proBNP (ng/L)  552 (249–1153) 505 (246–1384) 740 (370–1638)  0.009 

Creatinine clearance (ml/min)†  96 (76–121) 106 (85–128) 86 (64–111)  0.001 

Findings on coronary angiography‡      0.02 

   No CAD  0 53 (100%) 0   

   1-vessel disease  209 (46%) 0 27 (34%)   

   2-vessel disease  134 (30%) 0 24 (30%)   

   3-vessel and/or left main disease  111(24%) 0 29 (36%)   

No in-hospital coronary angiography  0 0 11 (13%)  <0.0001 

Values are number (%) or median (25th–75th percentile). *Patients in group B compared to patients who were revascu-

larized during hospitalization; †The creatinine clearance rate was calculated from the equation of Cockcroft and Gault (see 

Table 1); ‡The extent of CAD was scored by the local investigator. A vessel was considered diseased if there was a stenosis 

of ≥70% (≥50% for left main). CABG = coronary artery bypass grafting; CAD = coronary artery disease; PCI = percutane-

ous coronary intervention. 
 
Discussion 

In the present ICTUS substudy, we showed that in-hospital revascularization was associated 
with a 40% relative reduction in mortality within 4 years and a nearly 50% reduction in death 
or spontaneous MI within 3 years. After adjustment for baseline patient characteristics and 
stratified analysis involving estimated baseline risk, the association between revasculariza-
tion and outcome remained present across a wide range of subgroups without heterogene-
ity. The relation between revascularization and outcome was present in both the early 
invasive and selective invasive treatment strategies. In particular, the event rates were high-
est in patients who were randomized to the early invasive strategy group and who did not 
undergo revascularization. We found that this specific group consisted of a heterogeneous 
population: (i) patients with a low-risk profile and good prognosis who were managed 
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medically because no significant CAD was present and (ii) patients with significant CAD but 
nevertheless triaged to medical management who had a high-risk profile and worse progno-
sis. Importantly, when intention-to-treat analysis was performed and randomized treatment 
strategies were compared, no difference in event rates was observed between the early 
invasive and selective invasive treatment strategies. 
 
 

 

Figure 3. Cumulative risk of death (upper panel) or death or spontaneous myocardial infarction (lower panel) from hospital 

discharge to the end of follow-up in patients randomized to an early invasive strategy. Patients were divided into three groups: 

(i) patients who were revascularized during initial hospitalization, (ii) patients who were not revascularized because angiogra-

phy did not show a significant coronary stenosis of ≥70% (≥50% for left main)(group A), and (iii) remaining patients who 

were not revascularized because of other reasons (group B). Revasc = in-hospital revascularization. 
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The association between actual revascularization and outcome in our trial was comparable 
with the results from several observation studies.1-7 For example, retrospective analysis of 
data from patients included in the GUSTO-IV trial showed an almost 50% reduction in 1 year 
mortality among patients who had undergone revascularization within 30 days after admis-
sion compared with non-revascularized patients (adjusted RR 0.53; 95% CI 0.37–0.77).3 A 
similar reduction in mortality was found in other registries, including a large Swedish registry 
with more than 20,000 patients.1 In the absence of sufficient data from randomized trials, 
findings from observational studies are also used to support a strategy of early revasculariza-
tion for certain subgroups of patients with nSTE-ACS, for example patients with a history of 
CABG.6 
In the new guidelines for the diagnosis and treatment of nSTE-ACS from the European 
Society of Cardiology, a linear relationship is suggested between the relative mortality 
benefit of a routine invasive strategy compared with a selective invasive strategy and the 
‘gradient’ (actual difference) in revascularization rates between the two treatment arms: the 
greater the difference in the rate of revascularization, the greater the benefit on mortality.16 
This linear relationship is in part dependent on the GUSTO-IV analysis. These data are consid-
ered derived from a trial with a 100% difference in the revascularization rate with a 50% 
relative reduction in mortality and it is suggested that this observed mortality reduction 
reflects the true benefit of revascularization.8,16 
However, in the randomized nSTE-ACS strategy trials that evaluated the role of an early 
invasive treatment strategy, patients were not assigned to revascularization or medical 
therapy, but prospectively randomized to two different diagnostic strategies. An early inva-
sive treatment strategy consists of routine cardiac catheterization only followed by early 
percutaneous or surgical revascularization when considered indicated and after clinical 
evaluation of potential procedural risks. The selective invasive approach reserves coronary 
angiography for patients with recurrent angina or stress-induced ischemia despite optimal 
medical therapy. We have shown in the present analysis that the estimated association of 
revascularization with mortality in observational data sets will not answer the question 
whether to routinely refer patients with nSTE-ACS for invasive procedures, or whether to 
treat such patients aggressively with pharmacological interventions followed by selective 
referral of those with refractory or inducible ischemia. 
To understand our observations further, we stratified the patients according to randomized 
treatment strategy and investigated the reason for medical management in patients ran-
domized to the early invasive treatment group. Non-revascularized patients in the early 
invasive strategy group almost all underwent catheterization during hospitalization and 
therefore we could divide these patients according to the presence or absence of significant 
CAD. Some patients will be treated medically because no treatable culprit lesion is present 
and others because revascularization carries unacceptable risk or is unlikely to be successful. 
We showed that these two groups differed substantially in both baseline characteristics and 
prognosis. Patients managed medically without significant CAD had an excellent prognosis, 
whereas one-third of the patients with significant CAD managed medically experienced a 
spontaneous MI or died within 3 years after discharge. In the selective invasive group, as in 
many observational studies, a large part did not undergo catheterization and thereby no 
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information on CAD is available. A limitation of our study is that the number of patients and 
events was not sufficient enough to further divide the patients according to the specific 
reasons why revascularization was not attempted. Furthermore, more detailed information 
about the anatomical form of the coronary arteries and stenoses is difficult to quantify and 
was not available. 
Data from large ‘real world’ registries regarding invasive or non-invasive practice patterns in 
nSTE-ACS are conflicting.1,4,6,18-22 An analysis from a large Medicare database has shown that a 
high ‘area level of invasive treatment intensity’ did not provide a clinical benefit over lower 
invasive treatment intensity when β-blocker treatment intensity in appropriate patients was 
high.20 However, in a large Swedish registry, early revascularization was associated with a 
substantial reduction in mortality irrespective of the use of β-blockers.1 The different results 
from observational studies may in part be explained by the different analytic methods used. 
First, as discussed before, in strategy trials, patients are assigned to a treatment strategy 
before coronary catheterization and consequently an invasive strategy will not always result 
in revascularization. Therefore, it would be more appropriate to use catheterization as a 
measure of invasive strategy instead of revascularization. Secondly, factors that contribute to 
the decision making to perform catheterization and subsequent revascularization in clinical 
practice are complex and often immeasurable. In a recent article from Stukel et al.,23 the 
authors showed that the observational association of invasive practice and outcome in acute 
MI is highly sensitive to the analytic method used. Standard risk adjustment techniques, such 
as logistic regression or propensity scores, that are commonly used in analyzing observation 
data can only account for measured confounders and thereby inevitably suffers from residual 
confounding. There are other alternative approaches, like instrumental variable analysis, that 
are designed to control for hidden bias as well. An instrumental variable is an observable 
factor that is associated with a specific treatment pattern but is otherwise unrelated to 
patient characteristics and does not directly affect the outcome of interest.24 With regard to 
acute coronary syndromes and outcome, variability in the intensity of invasive diagnostic and 
therapeutic treatment across regions or hospitals is often used in observational studies.20-22 In 
a way, these differences can be compared with strategies in randomized trials. Compared 
with standard modeling, instrumental variable analysis may produce less biased estimates of 
treatment effects.23 
Instead of comparing an invasive strategy to a non-invasive strategy, the ICTUS trial com-
pared routine, early revascularization to less aggressive, delayed intervention. The high 
percentage of patients who were revascularized in the selective invasive group compared 
with the other randomized trials is one of the reasons that could explain the discrepancy 
between the outcomes of the trials. The in-hospital revascularization rate in the different 
randomized trials varied 10–40% in the selective invasive arm, and 44–78% in the early 
invasive arm.12,13 In other trials that included high-risk nSTE-ACS patients with an intended 
early invasive strategy, the revascularization rate was comparable. For example, in the 
SYNERGY and ACUITY trials, the in-hospital revascularization rates were 66% and 68%, re-
spectively.25,26 In view of the long-term results from the FRISC-II, RITA 3, and the ICTUS study, 
an early invasive treatment may not be necessary for all nSTE-ACS patients. 
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Conclusions 

The long-term follow-up of the ICTUS trial did not show that an early invasive strategy re-
sulted in a better outcome than a more selective invasive strategy in patients with nSTE-ACS 
and a positive troponin. However, similar to retrospective analyses from observational 
studies, actual revascularization during hospital admission was associated with lower mortal-
ity and fewer myocardial infarctions, even after the use of appropriate risk adjustment tech-
niques. This apparent discrepancy is primarily driven by the poor prognosis in patients who 
underwent angiography but were not revascularized because of co-morbidities and antici-
pated high procedure-related risks. Therefore, we conclude that the observation that revas-
cularization is associated with improved prognosis cannot be used as evidence to support 
that an early invasive treatment strategy leads to a better outcome compared with a selective 
invasive treatment strategy. 
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Abstract 

Background  

We assessed the prognostic significance of the presence of cumulative (Σ) ST-segment 
deviation on the admission electrocardiogram (ECG) in patients with non-ST-elevation acute 
coronary syndrome and an elevated troponin T randomized to a selective invasive (SI) or an 
early invasive treatment strategy. 

Methods  

A 12-lead ECG obtained at admission was available for analysis from 1163 patients. The 
presence and magnitude of ST-segment deviation was measured in each lead, and absolute 
ST-segment deviation was summed. The effect of treatment strategy was assessed for pa-
tients with or without Σ ST-segment deviation of at least 1 mm. 

Results  

The incidence of death or myocardial infarction (MI) by 1 year in patients with Σ ST-segment 
deviation of at least 1 mm was 18.0% compared with 11.1% in patients with Σ ST-segment 
deviation of less than 1 mm (p=0.001). Among patients with Σ ST-segment deviation of at 
least 1 mm, the incidence of death or MI was 21.9% in the early invasive group compared 
with 14.2% in the selective invasive group (p<0.01). However, we observed a significantly 
higher rate of MI after hospital discharge among patients with Σ ST-segment deviation of at 
least 1 mm randomized to the selective invasive treatment who did not undergo angio-
graphy compared with patients who underwent angiography before discharge (10.9% vs 
2.4%, p=0.003). In a forward logistic regression analysis, the presence of ST-segment devia-
tion was an independent predictor for failure of medical therapy (coronary angiography 
within 30 days after randomization in the selective invasive group) (odds ratio, 1.56; 95% 
confidence interval, 1.12–2.18; p=0.009). 

Conclusion  

Patients with non-ST-elevation acute coronary syndrome and an elevated troponin T and 
Σ ST-segment deviation of at least 1 mm are at increased risk of death or MI, more often fail 
on medical therapy, and more often experience a spontaneous MI after discharge when 
angiography was not performed during initial hospitalization. 
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Introduction 

The optimal early management of patients with a non-ST-elevation acute coronary syndrome 
(nSTE-ACS) has been hotly debated over the past 10 years. Previously, 3 randomized trials 
have shown better clinical outcome with a routine early invasive strategy, showing a consis-
tent reduction in recurrent ischemic events.1–3 However, subgroup analyses of these trials 
revealed that benefit from an early invasive strategy was confined to patients at intermediate 
or high risk for adverse outcomes. 
It has been shown that the standard 12-lead electrocardiogram (ECG) at admission is a useful 
tool for risk stratification in patients with nSTE-ACS, particularly in combination with serum 
markers for myocardial damage.4–6 Subanalysis of the Fast Revascularization during InStability 
in Coronary artery disease trial (FRISC-II) population, showed that patients with nSTE-ACS and 
ST-segment deviation on the admission ECG had a poor prognosis. In these patients, an-
giography and subsequent revascularization were beneficial in reducing mortality and the 
incidence of myocardial infarction (MI).7,8 In the real world, there is a paradoxical absence of a 
relation between the extent of baseline ST-segment depression and the use of an invasive 
management strategy for patients with acute coronary syndrome. In fact, an invasive strategy 
was selected least often for those at highest risk for adverse outcomes.9,10 
The Invasive versus Conservative Treatment in Unstable coronary Syndromes (ICTUS) trial 
could not show that an early invasive treatment was superior to a selective invasive treat-
ment strategy in patients with nSTE-ACS and an elevated troponin T.11 In this substudy of the 
ICTUS trial, we assessed the prognostic value of ST-segment deviation on the admission ECG 
and the clinical outcome associated with an early or selective invasive strategy. 
 
Methods 

In the ICTUS trial, 1200 patients were randomized to an early invasive or a selective invasive 
treatment strategy. The details of the design and the main results have been published 
previously.11 Briefly, eligible patients had to meet 3 criteria: (i) symptoms of ischemia that 
were increasing or occurring at rest, with the last episode occurring no longer than 24 h 
before randomization; (ii) an elevated serum cardiac troponin T (≥0.03 μg/L); (iii) and either 
ischemic changes on the ECG, defined as ST-segment depression or transient ST-segment 
elevation exceeding 0.05 mV or T-wave inversion of at least 0.2 mV in 2 contiguous leads, or a 
documented history of coronary artery disease. Main exclusion criteria were patients younger 
than 18 years or older than 80 years; ST-elevation MI in the last 48 h; indication for reperfu-
sion therapy, hemodynamic instability, or overt congestive heart failure; and increased risk of 
bleeding. Patients assigned to the early invasive strategy were scheduled to undergo an-
giography within 24 to 48 h after randomization and revascularization when appropriate 
based on the coronary anatomy. 
Patients assigned to the selective invasive strategy were managed medically. These patients 
were to undergo angiography and subsequent revascularization only in case of refractory 
angina despite optimal medical treatment, hemodynamic or rhythmic instability, or signifi-
cant ischemia on the predischarge exercise test. Coronary angiography and revascularization 
after the index hospital phase was performed if severe anginal symptoms were present 
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despite optimal antianginal medication or when documented ischemia on an ischemia 
detection test was present. 
The protocol specified that patients received 300 mg followed by at least 75 mg of aspirin 
daily indefinitely and enoxaparin (1 mg/kg to a maximum of 80 mg) twice daily subcutane-
ously for at least 48 h. The early use of clopidogrel (300 mg followed by 75 mg daily) in 
combination with aspirin was recommended to the investigators when the drug became 
available in the Netherlands in 2002 for acute coronary syndrome indication.12 Percutaneous 
coronary intervention (PCI) procedures during the index hospital phase were performed 
using abciximab. In addition, abciximab was available for all subsequent percutaneous 
revascularization procedures during the 1-year follow-up. The study has been assigned the 
International Standard Randomised Control Trial Number ISRCTN82153174. 
 
Electrocardiography 
A standard 12-lead ECG was obtained on admission and was evaluated at the Academic 
Medical Center core laboratory without information on the clinical outcome or treatment 
allocation. The presence and magnitude of ST-segment deviation and T-wave inversion were 
measured 80 milliseconds after the J point in intervals of 0.5 mm in each lead, and absolute 
ST-segment deviation was summed. The cut-off levels in our study were chosen to compare 
our results with the results of the ECG analyses of the Treat Angina with Aggrastat and 
Determine Cost of Therapy with an Invasive or Conservative Strategy-Thrombolysis in Myo-
cardial Infarction (TACTICS-TIMI) 18 trial and the FRISC-II ECG substudy.6–8 Therefore, our cut-
off levels were cumulative (Σ) ST-segment deviation of less than 1 mm, 1 to 2.5 mm, 3 to 4.5 
mm, and 5 mm or more. Patients with Σ ST-segment deviation of less than 1 mm were subdi-
vided into 2 groups: patients with or without negative T wave of at least 4 mm. 
 
Endpoint definitions 
The endpoints in this study were the occurrence of death, MI, or the combined endpoint of 
death or MI at 1 year. Death was defined as death from any cause. Myocardial infarction was 
defined as documented myocardial necrosis either in the setting of myocardial ischemia 
(spontaneous MI) or in the setting of percutaneous revascularization, following the recom-
mendations of the consensus committee for the definition of MI. Myocardial necrosis was 
defined by an elevation in the creatine kinase-MB (CK-MB) level above the upper limit of 
normal. To compare our results with those of previous trials, we applied the TACTICS-TIMI 18 
and FRISC-II definition of MI. The FRISC-II definition of MI is a CK-MB level above the upper 
limit of normal for spontaneous MI and more than 1.5 times the upper limit of normal for PCI-
related MI. The TACTICS-TIMI 18 definition of MI is a CK-MB level above the upper limit of 
normal for spontaneous MI and more than 3 times the upper limit of normal for PCI-related 
myocardial infarction. 
In the selective invasive strategy, we assessed the rate of failure of medical therapy in relation 
to the presence of ST-segment deviation on the ECG. Failure of medical therapy was defined 
as coronary angiography during the first 30 days after randomization in patients randomized 
to the selective invasive strategy. 
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Statistics 
Data analyses were performed based on the ‘intention-to-treat’ principle. All statistical tests 
were 2-tailed, and a p value of less than 0.05 was considered statistically significant. Continu-
ous baseline variables with normal distribution are expressed as mean±SD, and data with a 
nonnormal distribution are given as median value (25th–75th percentile). A comparison of 
the baseline characteristics was done by using an unpaired Student t test or the Mann–
Whitney U test (continuous variables) or the Pearson χ2 test (categorical variables), as appro-
priate. To identify independent predictors of outcome and failure of medical therapy, vari-
ables were tested in a multivariate logistic regression analysis using forward stepwise 
selection. Variables were entered if the p value was less than 0.10 and removed if the p value 
was more than 0.10. The timing of the combined endpoint of death or MI is illustrated by 
Kaplan–Meier plots. In a separate analysis, we assessed the incidence of death or MI in 2 time 
frames: during initial hospitalization (from randomization until discharge) and from discharge 
until 1-year follow-up. In this analysis patients who had a MI during initial hospitalization 
were again at risk for a MI in the time frame from hospital discharge until 1-year follow-up. 
Statistical analysis was performed using the Statistical Package for Social Sciences software 
(SPSS 12.0 for Windows, SPSS Inc, Chicago, IL). 
 
Results 

Twelve-lead admission ECGs were available to the Academic Medical Center core laboratory 
in 1163 of 1200 patients for ST-segment deviation assessment. One-year follow-up was 
complete for 1157 patients (99.5%). In 37 patients the admission ECG was missing or of very 
poor technical quality. Among these patients, none died and 5 patients had a MI during 
1-year follow-up. 
The mean age of the study population was 62 years, almost a quarter of patients had a 
previous MI, one third used aspirin, and 14% had a history of diabetes mellitus (Table 1). 
Coronary angiography was performed during the initial hospitalization in 98% of patients in 
the early invasive group and 52% in the selective invasive group and in 99% and 66%, respec-
tively, within 1 year. Within 1 year, 79% of the patients in the early invasive group had under-
gone revascularization compared with 54% in the selective invasive group. Eighty-eight 
percent of the PCI procedures involved the placement of at least 1 stent. During the first PCI, 
abciximab was used in 94% of patients in the early invasive group compared with 68% in the 
selective invasive group. 
 
Clinical outcome in relation to the magnitude of Σ ST-segment deviation 
Clinical outcome in relation to the magnitude of ST-segment deviation at admission is shown 
in Table 2. Increments of Σ ST-segment deviation (1–2.5 mm, 3–4.5 mm, and ≥5 mm) were 
not associated with a significant increase in the incidence of death or MI. Interestingly, 
patients with isolated T-wave inversion of 4 mm or more were not at higher risk for death or 
MI than patients with T-wave inversion of less than 4 mm. Subsequently, in further analyses 
we compared patients with Σ ST-segment deviation of at least 1 mm with patients with Σ ST-
segment deviation of less than 1 mm. Patients with a left bundle-branch block on the admis-
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sion ECG (n=14) were considered as having Σ ST-segment deviation of at least 1 mm. The 
incidence of death or MI by 1 year in patients with Σ ST-segment deviation of at least 1 mm 
was 18.0% compared with 11.1% in patients with Σ ST-segment deviation of less than 1 mm 
(p=0.001). 
 

Table 1. Baseline characteristics. 

Variable 
All patients  

(n=1163) 

Age (years) 62 ± 11 

Male 847 (73%) 

Clinical history  

     Myocardial infarction 268 (23%) 

     Percutaneous coronary intervention 134 (12%) 

     Coronary artery bypass grafting 99 (9%) 

Risk factors  

     Hypertension 448 (39%) 

     Diabetes mellitus 158 (14%) 

     Hypercholesterolemia 402 (35%) 

     Current cigarette smoking 475 (41%) 

     Family history of coronary artery disease 490 (42%) 

Drug therapy before admission  

     Aspirin 440 (38%) 

     ACE inhibitors 161 (14%) 

     β-blockers 405 (35%) 

     Calcium-channel antagonists 182 (16%) 

     Nitrates 125 (11%) 

     Statins 319 (27%) 

Cardiac troponin T (μg/L) 0.29 (0.12–0.73) 

Data are number (%), mean±SD or median (25th–75th percentile). 
 

 

Table 2. Differences in outcome by 1 year: patients stratified according to Σ ST-segment deviation, isolated T-wave inversion 

and left bundle-branch block. 

Outcome Magnitude of Σ ST-segment deviation  LBBB 

 <1 mm 1–2.5 mm 3–4.5 mm ≥5 mm   

 
T-wave inv <4mm 

n=483 

T-wave inv ≥4mm 

n=92 

 

n=197 

 

n=150 

 

n=227 
 

 

n=14 

Death 6 (1.2%) 0 5 (2.5%) 7 (4.7%) 9 (4.0%)  3 (21.4%) 

Myocardial infarction 49 (10.1%) 9 (9.8%) 29 (14.7%) 20 (13.3%) 35 (15.4%)  2 (14.3%) 

Death or myocardial infarction 55 (11.4%) 9 (9.8%) 34 (17.3%) 26 (17.3%) 42 (18.5%)  4 (28.6%) 

Data are number of events (%). T-wave inv = isolated T-wave inversion; LBBB = left bundle-branch block. 
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Baseline characteristics 
Among the 1163 patients in this study, 588 (51%) had Σ ST-segment deviation of at least 
1 mm and 575 (49%) had Σ ST-segment deviation of less than 1 mm. Patients with Σ ST-
segment deviation of at least 1 mm were older, more often had diabetes, more often used 
nitrates, and had a significantly higher median troponin T concentration at randomization 
compared with patients with Σ ST-segment deviation of less than 1 mm (Table 3). 
 
Table 3. Baseline characteristics: patients stratified according to the presence or absence of Σ ST-segment deviation of at least 

1 mm and treatment strategy. 

Variable ST-segment deviation <1 mm ST-segment deviation ≥1 mm  p value* 

  
Early invasive 

n=294 

Selective invasive

n=281 
 

Early invasive 

n=292 

Selective invasive 

n=296 
  

Age (years)  61 ± 10 61 ± 11  63 ± 11 62 ± 10  0.03 

Male  216 (74%) 203 (72%)  214 (73%) 214 (72%)  0.98 

Clinical history         

     Myocardial infarction  70 (24%) 65 (23%)  75 (26%) 58 (20%)  0.73 

     Percutaneous coronary intervention  32 (11%) 31 (11%)  39 (13%) 32 (11%)  0.55 

     Coronary artery bypass grafting  25 (9%) 19 (7%)  33 (11%) 22 (7%)  0.30 

Risk factors         

     Hypertension  100 (34%) 120 (43%)  116 (40%) 112 (38%)  0.86 

     Diabetes mellitus  34 (12%) 29 (10%)  48 (16%) 47 (16%)  0.01 

     Hypercholesterolemia  104 (35%) 101 (36%)  99 (34%) 98 (33%)  0.44 

     Current cigarette smoking  123 (42%) 122 (43%)  113 (39%) 117 (40%)  0.23 

     Family history of CAD  138 (47%) 118 (42%)  118 (40%) 116 (39%)  0.10 

Drug therapy before admission         

     Aspirin  106 (36%) 102 (36%)  119 (41%) 113 (38%)  0.25 

     ACE inhibitors  35 (12%) 38 (14%)  47 (16%) 41 (14%)  0.26 

     β-blockers  100 (34%) 88 (31%)  115 (39%) 102 (35%)  0.13 

     Calcium-channel antagonists  41 (14%) 37 (13%)  48 (16%) 56 (19%)  0.05 

     Nitrates  22 (8%) 27 (10%)  43 (15%) 33 (11%)  0.02 

     Statins  83 (28%) 75 (27%)  82 (28%) 79 (27%)  0.97 

Cardiac troponin T (μg/L)  0.23 (0.10–0.54) 0.25 (0.11–0.68)  0.34 (0.13–0.97) 0.33 (0.14–0.76)  <0.001 

Data are number (%), mean±SD or median (25th–75th percentile). *Patients with Σ ST-segment deviation of at least 1 

mm (n=588) compared with patients with Σ ST-segment deviation of less than 1 mm (n=575). 

 
Stepwise logistic regression analysis for the prediction of death or MI by 1 year 
Univariate analysis showed a significant association between the incidence of death or MI 
(ICTUS definition) by 1 year and history of diabetes mellitus, aspirin use, treatment strategy, 
and Σ ST-segment deviation (Table 4). Multivariate logistic regression analysis using all 
baseline variables identified history of diabetes mellitus, aspirin use, treatment strategy, and 
Σ ST-segment deviation as independent predictors of death or MI by 1 year. Interaction 
analysis of the variable Σ ST-segment and treatment strategy for predicting death or MI at 12 
months was not significant (p=0.51). 
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Table 4. Univariate and multivariate stepwise logistic regression analysis for the prediction of death or myocardial infarction 

by 1 year. 

Variables  Univariate analysis  Multivariate analysis 

  Odds ratio (95% CI) p value  Odds ratio (95% CI) p value 

Age ≥65 years  1.15 (0.83–1.59) 0.40  – – 

Male  0.97 (0.68–1.40) 0.88  – – 

Previous myocardial infarction  1.24 (0.86–1.80) 0.25  – – 

Previous percutaneous coronary intervention  1.17 (0.72–1.91) 0.53  – – 

Previous coronary artery bypass grafting  1.54 (0.92–2.60) 0.10  – – 

Hypertension  1.24 (0.89–1.73) 0.20  – – 

Diabetes mellitus  1.67 (1.10–2.56) 0.017  1.45 (0.94–2.25) 0.09 

Hypercholesterolemia  1.17 (0.84–1.64) 0.36  – – 

Current cigarette smoking  0.93 (0.67–1.30) 0.68  – – 

Family history of coronary artery disease  0.98 (0.71–1.37) 0.92  – – 

Aspirin  1.52 (1.10–2.11) 0.012  1.42 (1.01–1.99) 0.04 

Cardiac troponin T*  0.96 (0.83–1.11) 0.58  – – 

Early invasive strategy  1.53 (1.10–2.13) 0.011  1.54 (1.11–2.15) 0.01 

∑ ST-segment deviation ≥1mm  1.76 (1.26–2.45) 0.001  1.72 (1.23–2.41) 0.002 

Univariate and multivariate stepwise logistic regression analysis of predictive value of randomization, Σ ST-segment 

deviation, cardiac troponin T, and traditional risk factors on the incidence of death or myocardial infarction by 1 year in 

1163 patients. *Continuous variable.  CI = confidence interval. 
 
Clinical outcome in relation to treatment strategy and Σ ST-segment deviation 
In patients with Σ ST-segment deviation of at least 1 mm, the incidence of death or MI was 
21.9% in the early invasive strategy compared with 14.2% in the selective invasive strategy 
(p<0.01; Figure 1A and B). During initial hospitalization, an early hazard for MI was observed 
in patients with Σ ST-segment deviation of at least 1 mm randomized to the early invasive 
strategy compared with those randomized to the selective invasive strategy (14.7% vs 6.1%, 
p=0.001; Figure 2). The difference in the rate of MI was driven by the incidence of procedure-
related MIs (12.3% vs 3.7%, p=0.0001). To compare our results with those of previous trials, 
we applied the definitions of MI from the FRISC-II and the TACTICS-TIMI 18 studies to our data. 
Applying the FRISC-II definition of MI slightly lowered the rate of death or MI by 1 year in 
patients with Σ ST-deviation of at least 1 mm to 18.2% in the early invasive strategy and to 
12.2% in the selective invasive strategy (p=0.03). When the TACTICS-TIMI 18 definition of MI 
was applied, the incidence of death or MI was 14.4% among patients in the early invasive 
strategy compared with 10.5% in the selective invasive strategy (p=0.13). 
In patients with Σ ST-segment deviation of less than 1 mm, the incidence of death or MI was 
12.6% in the early invasive strategy compared with 9.6% in the selective invasive strategy 
(p=0.21). When the FRISC-II definition of MI was applied, the incidence of death or MI was 
10.6% in the early invasive strategy compared with 7.1% in the selective invasive strategy 
(p=0.13). With the TACTICS definition of MI, the incidence of death or MI was 6.8% in the early 
invasive strategy compared with 5.0% in the selective invasive strategy (p=0.33).  
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Figure 1. (A) Kaplan–Meier estimates of composite endpoint of death or MI (consensus definition of MI) in relation to 

treatment strategy in patients with Σ ST-segment deviation of less than 1 mm and Σ ST-segment deviation of at least 1 mm. (B) 

Kaplan–Meier estimates of composite endpoint of death or MI (TACTICS definition of MI) in relation to treatment strategy in 

patients with Σ ST-segment deviation of less than 1 mm and Σ ST-segment deviation of at least 1 mm. EI = early invasive; MI 

= myocardial infarction; SI = selective invasive. 

 
Increased risk for spontaneous MI in patients with Σ ST-segment deviation of at least 1 mm 
who did not undergo coronary angiography 
Among patients randomized to the early invasive strategy, those with Σ ST-segment devia-
tion of at least 1 mm had a higher incidence of myocardial infarction during initial hospitali-
zation compared with patients with Σ ST-segment deviation of less than 1 mm (14.7% vs 
9.5%, p=0.05; Figure 2). 
Among 577 patients randomized to the selective invasive strategy, the incidence of MI 
during initial hospitalization was similar regardless of the presence of ST-segment deviation 
(6.1% vs 5.3%, p=ns). However, the incidence of MI from hospital discharge to 1 year among 
128 patients with Σ ST-segment deviation of at least 1 mm randomized to a selective invasive 
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strategy who did not undergo angiography was 10.9% vs 2.4% in 165 who underwent an-
giography before discharge (p=0.003). This difference was primarily driven by a higher 
incidence of spontaneous MI in patients discharged without undergoing angiography (9.4% 
vs 1.8%, p=0.004). There were no significant differences in baseline characteristics between 
patients who underwent angiography during initial hospitalization and patients who were 
discharged without undergoing angiography (data not shown). 
In the selective invasive patients with Σ ST-segment deviation of less than 1 mm, the inci-
dence of death or myocardial infarction was similar for patients who were discharged with or 
without angiography. 

Figure 2. The incidence of death and myocardial infarction (MI) in both treatment strategies in relation to Σ ST-segment 

deviation in 2 time frames: during initial hospitalization (from randomization until discharge) and from discharge until 1-year 

follow-up. CAG = coronary angiography; Hosp = initial hospitalization; Proc = procedure (PCI or CABG)-related MI; Spon = 

spontaneous MI. 

 
Failure of medical therapy 
Patients who underwent coronary angiography during the first 30 days after randomization 
were considered to have failed medical therapy. Among patients in the selective invasive 
group with Σ ST-segment deviation of at least 1 mm, the incidence of coronary angiography 
was 62.8% compared with 52.0% in the selective invasive strategy with Σ ST-segment devia-
tion of less than 1 mm (p=0.008). The reason for coronary angiography among patients 
randomized to the selective invasive strategy with Σ ST-segment deviation of less than 1 mm 
was refractory angina in 58%, ischemia on exercise test in 36%, and other reasons in 6%. In 
patients with Σ ST-segment deviation of at least 1 mm, coronary angiography was done 
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because of refractory angina in 45%, ischemia on exercise test in 46%, and other reasons in 
9%. In a forward logistic regression analysis, the presence of ST-segment deviation was an 
independent predictor for failure of medical therapy after adjusting for multiple risk factors 
(odds ratio, 1.56; 95% confidence interval, 1.12–2.18; p=0.009).  
In the selective invasive strategy, 37% of patients with Σ ST-segment deviation of less than 
1 mm underwent revascularization during initial hospitalization compared with 42% of 
patients with Σ ST-segment deviation of at least 1 mm (p=0.20). These percentages increased 
to 39% and 46% at 30 days after randomization (p=0.07) and to 48% and 60% at 1-year 
follow-up, respectively (p=0.005). 
 
Discussion 

We demonstrated that the presence of Σ ST-segment deviation of at least 1 mm on the 
admission ECG is a strong predictor of adverse outcome in patients with nSTE-ACS and a 
positive cardiac troponin T. The rate of death was 4-fold, and the rate of MI was 50% higher in 
patients with Σ ST-segment deviation of at least 1 mm compared with patients with Σ ST-
segment deviation of less than 1 mm on the admission ECG. Although only 92 patients had 
isolated T-wave inversion of at least 4 mm on admission, we showed that these patients are 
at low risk for death or MI by 1 year compared with patients with Σ ST-segment deviation of 
at least 1 mm. 
Event-free survival was significantly better in patients with Σ ST-segment deviation of at least 
1 mm randomized to the selective invasive treatment strategy. However, we used the same 
cutoff level for PCI-related MI and spontaneous MI (CK-MB >1 time the upper limit of normal), 
following the recommendations of the consensus committee for the definition of MI. The 
prognostic implications of small PCI-related MIs are controversial.13–15 When more stringent 
cut-off levels for PCI-related MIs were used, the incidence of MI in both treatment strategies 
declined. When the FRISC-II definition of MI was applied, we still observed a better event free 
survival in patients with Σ ST-segment deviation of at least 1 mm randomized to the selective 
invasive treatment strategy. However, when the TACTICS definition of MI was used, the 
event-free survival was not significantly different between the 2 treatment strategies. 
There are some difference regarding the inclusion criteria of the ICTUS, TACTICS-TIMI 18, and 
the FRISC-II trial, particularly regarding the evidence of myocardial ischemia at randomization. 
In the ICTUS trial, an elevated troponin T was mandatory in combination with either ECG 
evidence of myocardial ischemia or a documented history of coronary artery disease. In the 
FRISC-II trial, myocardial ischemia had to be verified by ST-segment depression of at least 0.1 
mV or T-wave inversion of at least 0.1 mV or by raised biochemical markers (68% of patients 
had an elevated troponin T ≥0.03 μg/L).1 In the TACTICS-TIMI 18 trial, myocardial ischemia 
was verified by either ECG evidence of myocardial ischemia, abnormal levels of cardiac 
enzymes (54% of patients had a troponin T ≥0.01 μg/L), or prior evidence of documented 
coronary artery disease.2 
In the FRISC-II ECG substudy by Holmvang and colleagues8 two thirds of patients had Σ ST-
segment deviation of at least 2.5 mm at admission compared with one third of patients in the 
ICTUS trial. These findings are probably explained by the difference in inclusion criteria 
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between the ICTUS and the FRISC-II trial. The ECG ischemic burden is higher in the FRISC-II 
trial compared with ICTUS. However, in the ICTUS trial, all patients had an elevated troponin T 
compared with 68% of patients in the FRISC-II trial. Furthermore, a substantial part of the 
FRISC-II population that did undergo coronary angiography did not have significant coronary 
artery disease. 
Our findings are in contrast with those of previously published subgroup analyses of the 
FRISC-II trial, which showed a marked benefit of an early invasive treatment strategy for 
patients with ST-segment deviation on the ECG and an elevated troponin T.7,8 In both the 
ICTUS and the FRISC-II trial, an early hazard for MI (mainly attributable to the incidence of PCI-
related MI) was observed. The overall rate of procedure-related MI (the combined incidence 
of PCI-related MI and coronary artery bypass grafting-related MI) in FRISC-II was lower: 5.4% 
in the invasive group vs 2.1% in the conservative group compared with 11.3% vs 5.4% in the 
ICTUS trial.8 There are several possible explanations for this observed absolute difference in 
the overall incidence of procedure-related MI. First, FRISC-II used a higher cut-off level for PCI-
related infarction (FRISC-II, CK-MB ≥1.5 times the upper limit of normal; ICTUS, CK-MB ≥1.0 
times the upper limit of normal). Secondly, in FRISC-II 68% of patients were found to be 
troponin positive (troponin T ≥0.03 μg/L) compared with all patients in the ICTUS trial. Third, 
the median time to PCI in the early invasive strategy of the ICTUS trial was 23 h compared 
with 4 days in the intervention strategy of the FRISC-II trial. The combined effect of prolonged 
antiplatelet, antithrombin, and anti-ischemic therapy before PCI or coronary artery bypass 
grafting may have lowered the incidence of procedure-related MI in the FRISC-II trial.16 It has 
been shown that particularly patients with nSTE-ACS and an elevated troponin have high 
coagulation activity and that these patients derive benefit from prolonged antithrombin 
therapy.16,17 
In a recently published subgroup analysis of the TACTICS-TIMI 18 trial, the additional informa-
tion of ST-segment deviation and troponin T concentration was assessed. The magnitude of 
ST-segment deviation and the degree of troponin T elevation predicted the likelihood of 
failure of a conservative strategy, the extent of coronary artery disease, and the likelihood of 
death or MI through 6 months. Moreover, the magnitude of ST-segment deviation, when 
added to the degree of troponin T elevation and other baseline characteristics, offered 
statistically significant incremental value regarding the degree of benefit of early invasive 
management.6 In the ICTUS trial, all patients had an elevated troponin T concentration of at 
least 0.03 μg/L at randomization. However, the magnitude of troponin elevation (peak 
troponin T) was not systematically assessed during the first 48 h after the onset of chest pain. 
Therefore, we could not assess the additional value of troponin T elevation in combination 
with the presence or absence of ST-segment deviation. 
A recently published meta-analysis demonstrated that a routine invasive strategy is superior 
to a selective invasive strategy in reducing the incidence of death and nonfatal MI.18 The 
benefits of a routine invasive strategy emerged mainly after hospital discharge. During the 
initial hospitalization, the routine invasive strategy was associated with an increased early 
hazard. We observed an early hazard for MI in patients with Σ ST-segment deviation of at 
least 1 mm randomized to the early invasive strategy. A selective invasive treatment strategy 
in patients with Σ ST-segment deviation of at least 1 mm was not associated with a higher 
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rate of death or spontaneous MI during initial hospitalization. However, we observed a 
significant higher rate of spontaneous MI among patients with Σ ST-segment deviation of at 
least 1 mm randomized to the selective invasive strategy that were discharged without 
coronary angiography compared with patients who underwent angiography before dis-
charge. Furthermore, among patients randomized to the selective invasive strategy, Σ ST-
segment deviation of at least 1 mm was an independent predictor for failure of medical 
therapy. 
Therefore, patients with nSTE-ACS and Σ ST-segment deviation of at least 1 mm may benefit 
from coronary angiography and subsequent revascularization during initial hospitalization. 
The timing of invasive procedures remains controversial because very early timing of inter-
vention in patients with nSTE-ACS may not enhance the benefits of routine intervention 
(early hazard for procedure-related MI), and benefits of a routine invasive strategy seem to 
emerge mainly over the long term. 
 
Study limitations 
First, this present study was based on a post hoc analysis of the ICTUS data. Second, treating 
physicians were aware of the admission ECG, which may have influenced the way patients 
were managed. Although no significant differences in baseline characteristics were found 
between those who underwent coronary angiography during initial hospitalization and 
those who did not, selection bias cannot be ruled out. Some patients may have been kept 
conservatively because of, for example, comorbidity. Third, only admission ECGs were avail-
able for evaluation. Therefore, dynamic ECG changes were not included in this study. 
 
Conclusions 

The standard 12-lead admission ECG remains as an easy, available, inexpensive method of 
risk stratifying patients with nSTE-ACS. Cumulative ST-segment deviation of at least 1 mm on 
the admission ECG identifies patients at risk for subsequent adverse cardiac events. We 
showed that patients with Σ ST-segment deviation of at least 1 mm more frequently fail 
medical therapy and are at increased risk of spontaneous MI after discharge when no coro-
nary angiography was performed during initial hospitalization. 
 
Financial support 

The ICTUS study was supported by the Interuniversitary Cardiology Institute of the Netherlands (Utrecht, the 
Netherlands), the Working group on Cardiovascular Research of the Netherlands (Utrecht, the Netherlands), 
and educational grants from Eli Lilly (Houten, the Netherlands), Sanofi/Synthelabo (Gouda, the Netherlands), 
Aventis (Gouda, the Netherlands), Pfizer (Capelle a/d IJsel, the Netherlands), and Medtronic (Heerlen, the 
Netherlands). Roche Diagnostics (Almere, the Netherlands) kindly provided the reagents for core laboratory 
cardiac troponin T measurements. 

 



Chapter 4 70 

References 

1. Invasive compared with non-invasive treatment 
in unstable coronary-artery disease: FRISC II pro-
spective randomised multicentre study. FRagmin 
and Fast Revascularisation during InStability in 
Coronary artery disease Investigators. Lancet 1999;  
354: 708–15. 
2.  Cannon CP, Weintraub WS, Demopoulos LA, et 
al. Comparison of early invasive and conservative 
strategies in patients with unstable coronary 
syndromes treated with the glycoprotein IIb/IIIa 
inhibitor tirofiban. N Engl J Med 2001; 344: 1879–87. 
3.  Fox KA, Poole-Wilson PA, Henderson RA, et al. 
Interventional versus conservative treatment for 
patients with unstable angina or non-ST-elevation 
myocardial infarction: the British Heart Foundation 
RITA 3 randomised trial. Randomized Intervention 
Trial of unstable Angina. Lancet 2002; 360: 743–51. 
4.  Savonitto S, Ardissino D, Granger CB, et al. 
Prognostic value of the admission electrocardio-
gram in acute coronary syndromes. JAMA 1999; 281: 
707-13. 
5.  Kaul P, Newby LK, Fu Y, et al. Troponin T and 
quantitative ST-segment depression offer comple-
mentary prognostic information in the risk stratifica-
tion of acute coronary syndrome patients. J Am Coll 
Cardiol 2003; 41: 371–80. 
6.  Sabatine MS, Morrow DA, McCabe CH, Antman 
EM, Gibson CM, Cannon CP. Combination of 
quantitative ST deviation and troponin elevation 
provides independent prognostic and therapeutic 
information in unstable angina and non-ST-
elevation myocardial infarction. Am Heart J 2006; 
151: 25–31. 
7.  Diderholm E, Andren B, Frostfeldt G, et al. The 
prognostic and therapeutic implications of in-
creased troponin T levels and ST depression in 
unstable coronary artery disease: the FRISC II 
invasive troponin T electrocardiogram substudy. Am 
Heart J 2002; 143: 760–67. 
8.  Holmvang L, Clemmensen P, Lindahl B, et al. 
Quantitative analysis of the admission electrocar-
diogram identifies patients with unstable coronary 
artery disease who benefit the most from early 
invasive treatment. J Am Coll Cardiol 2003;41:905–15. 
9.  Fox KA, Anderson FA, Dabbous OH, et al. 
Intervention in acute coronary syndromes: do 
patients undergo intervention on the basis of their 
risk characteristics? The global registry of acute 
coronary events (GRACE). Heart 2007; 93: 177–82. 

10.  Kaul P, Newby LK, Fu Y, et al. Relation between 
baseline risk and treatment decisions in non-ST 
elevation acute coronary syndromes: an examina-
tion of international practice patterns. Heart 2005; 
91: 876–81. 
11.  de Winter RJ, Windhausen F, Cornel JH, et al. 
Early invasive versus selectively invasive manage-
ment for acute coronary syndromes. N Engl J Med 
2005; 353: 1095–104. 
12.  Yusuf S, Zhao F, Mehta SR, Chrolavicius S, 
Tognoni G, Fox KK. Effects of clopidogrel in addition 
to aspirin in patients with acute coronary syn-
dromes without ST-segment elevation. N Engl J Med 
2001; 345: 494–502. 
13.  Akkerhuis KM, Alexander JH, Tardiff BE, et al. 
Minor myocardial damage and prognosis: are 
spontaneous and percutaneous coronary interven-
tion -related events different? Circulation 2002; 105: 
554–56. 
14.  Alpert JS, Thygesen K. A call for universal 
definitions in cardiovascular disease. Circulation 
2006; 114: 757–58. 
15.  Roe MT, Mahaffey KW, Kilaru R, et al. Creatine 
kinase-MB elevation after percutaneous coronary 
intervention predicts adverse outcomes in patients 
with acute coronary syndromes. Eur Heart J 2004; 25: 
313–21. 
16.  Oldgren J, Siegbahn A, Grip L, Linder R, Thyge-
sen K, Wallentin L. Myocardial damage, coagulation 
activity and the response to thrombin inhibition in 
unstable coronary artery disease. Thromb Haemost 
2004; 91: 381–87. 
17.  Lindahl B, Venge P, Wallentin L. Troponin T 
identifies patients with unstable coronary artery 
disease who benefit from long-term antithrombotic 
protection. Fragmin in Unstable Coronary Artery 
Disease (FRISC) Study Group. J Am Coll Cardiol 1997; 
29: 43–48. 
18.  Mehta SR, Cannon CP, Fox KA, et al. Routine vs 
selective invasive strategies in patients with acute 
coronary syndromes: a collaborative meta-analysis 
of randomized trials. JAMA 2005; 293: 2908–17. 

 
 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
N-terminal pro-brain natriuretic peptide for additional risk stratification 

in patients with non-ST-elevation acute coronary syndrome 
and an elevated troponin T: an ICTUS substudy 

 
 
 
 
 

Fons Windhausen, Alexander Hirsch, Gerard T Sanders, Jan Hein Cornel,  
Johan Fischer, Jan P van Straalen, Jan G P Tijssen, Freek W A Verheugt,  

and Robbert J de Winter for the ICTUS investigators 
 
 
 
 
 
 
 

American Heart Journal 2007; 153(4): 485–92 

Chapter



Chapter 5 72 

Abstract 

Background  

New evidence has emerged that the assessment of multiple biomarkers such as cardiac 
troponin T and N-terminal pro-brain natriuretic peptide (NT-proBNP) in patients with non-ST-
elevation acute coronary syndrome (nSTE-ACS) provides unique prognostic information. The 
purpose of this study was to assess the association between baseline NT-proBNP levels and 
outcome in patients who have nSTE-ACS with an elevated troponin T and to determine 
whether patients with elevated NT-proBNP levels benefit from an early invasive treatment 
strategy. 

Methods  

Baseline samples for NT-proBNP measurements were available in 1141 patients who have 
nSTE-ACS with an elevated troponin T randomized to an early or a selective invasive strategy. 
Patients were followed-up for the occurrence of death, myocardial infarction (MI), and rehos-
pitalization for angina. 

Results  

We showed that increased levels of NT-proBNP were associated with several indicators of risk 
and severe coronary artery disease. Mortality by 1 year was 7.3% in the highest quartile 
(≥1170 ng/L for men, ≥2150 ng/L for women) compared with 1.1% of patients in the lower 
3 quartiles (p<0.0001). NT-proBNP (highest quartile vs lower 3 quartiles) was a strong inde-
pendent predictor of mortality (hazard ratio 5.0, 95% CI 2.1–11.6, p=0.0002). However, NT-
proBNP levels were not associated with the incidence of recurrent MI by 1 year. Furthermore, 
we could not demonstrate a benefit of an early invasive strategy compared with a selective 
invasive strategy in patients with an elevated NT-proBNP level. 

Conclusion  

We confirmed that NT-proBNP is a strong independent predictor of mortality by 1 year but 
not of recurrent MI in patients who have nSTE-ACS with an elevated troponin T. We could not 
demonstrate a benefit of an early invasive strategy compared with a selective invasive 
strategy. 
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Introduction 

Patients presenting with non-ST-elevation acute coronary syndrome (nSTE-ACS) represent a 
heterogeneous population in terms of short- and long-term prognosis. Among the powerful 
independent predictors of adverse outcome in these patients are elevated plasma levels of 
natriuretic peptides. 
Persistent or transient thrombotic occlusion at the site of plaque rupture or erosion may lead 
to episodes of myocardial ischemia, which, in turn, may lead to irreversible myocardial 
damage.1 Ischemia and myocardial damage can cause transient and permanent increase in 
wall tension and myocardial stretch, which stimulates B-type natriuretic peptide (BNP) 
neurohormone synthesis in the ventricular myocardium.2 Furthermore, it has been shown 
that myocardial ischemia by itself can stimulate BNP synthesis and release.3,4 
Several studies have shown that there is a strong association between plasma levels of BNP 
and N-terminal pro-brain natriuretic peptide (NT-proBNP) and adverse outcomes in patients 
with nSTE-ACS.5–9 However, it is unclear whether a routine early invasive or a noninvasive 
treatment strategy among patients with high levels of BNP or NT-proBNP may improve 
outcome.7,10–13 New evidence has emerged that simultaneous assessment of multiple bio-
markers such as cardiac troponin T (cTnT) and NT-proBNP in patients with nSTE-ACS provides 
unique prognostic information.6,14,15 We assessed the association between baseline NT-
proBNP levels and outcome in a well-defined patient population with nSTE-ACS and an 
elevated cTnT. 
 
Methods 

Between July 2001 and August 2003, a total of 1200 patients from 42 Dutch hospitals, 12 of 
which were high-volume centers with percutaneous intervention and on-site cardiac surgery, 
were enrolled in the ICTUS trial. Patients were randomly assigned to an early invasive strategy 
or a selective invasive strategy. The details of the design and the main results of the random-
ized ICTUS trial have been published previously.16 Briefly, eligible patients had to meet 3 
criteria: (i) symptoms of ischemia that were increasing or occurring at rest, with the last 
episode occurring no longer than 24 h before randomization; (ii) an elevated serum cTnT 
(≥0.03 μg/L) (Roche Diagnostics GmbH, Mannheim, Germany); and (iii) either ischemic 
changes on the electrocardiogram (defined as ST depression, or transient ST elevation ≥0.05 
mV, or T-wave inversion ≥0.2 mV in 2 contiguous leads) or a documented history of coronary 
artery disease (CAD). Main exclusion criteria were age <18 years or >80 years, ST-elevation 
myocardial infarction (MI) in the last 48 h, an indication for reperfusion therapy, hemody-
namic instability or overt congestive heart failure, and increased risk of bleeding. 
Patients assigned to the early invasive strategy were scheduled to undergo angiography 
within 24 to 48 h after randomization and percutaneous revascularization when appropriate 
based on the coronary anatomy. Cardiac surgery was recommended in case of extensive 
3-vessel disease or significant left main stem disease and was to be performed as soon as 
possible during initial hospitalization. Patients assigned to the selective invasive strategy 
were managed medically. These patients were to undergo angiography and subsequent 
revascularization only in case of refractory unstable angina despite optimal medical treat-
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ment, hemodynamic or rhythmical instability, or significant ischemia on the predischarge 
exercise test. This study complied with the principles in the Declaration of Helsinki and was 
approved by all the local institutional review boards. All patients gave written informed 
consent. 
 
N-terminal pro-brain natriuretic peptide study 
Baseline samples were obtained at admission and were stored for central analyses of cTnT, 
NT-proBNP, and creatinine. Blood samples were collected in tubes without anticoagulant. 
The samples were then centrifuged, and serum was stored frozen in aliquots at -20 °C 
to -80 °C at the enrolling site until shipped to the clinical chemistry core laboratory at the 
AMC in Amsterdam, where they were maintained at -80 °C. Serum cTnT (third-generation 
assay) and serum NT-proBNP (sandwich immunoassay) were determined using an Elecsys 
2010 (Roche Diagnostics GmbH). The analytic range of NT-proBNP assay extends from 5 to 
35000 ng/L. The total coefficient of variation was 2.1% at a level of 181 ng/L and 1.8% at a 
level of 572 ng/L.  
 
Other examinations 
Echocardiograms were obtained before discharge, and the left ventricular ejection fraction 
was visually assessed. In patients randomized to the early invasive strategy, the extent of CAD 
was assessed on the first coronary angiogram. A ≥70% diameter stenosis in at least 1 of the 
segments in the respective vessel area (right coronary artery, left anterior descending artery, 
and diagonal and circumflex artery) was considered significant with respect to the traditional 
1-vessel, 2-vessel, and 3-vessel disease classification. Left main was considered significant in 
the event of a diameter stenosis exceeding 50%. 
 
Endpoint definitions 
The primary endpoint of the ICTUS trial was a composite of death, recurrent MI, or rehospi-
talization for angina within 1 year after randomization. Myocardial infarction was defined as 
documented myocardial necrosis either in the setting of myocardial ischemia or in the 
setting of percutaneous revascularization following the recommendations of the consensus 
committee for the definition of MI.17 All endpoints were adjudicated by members of an 
independent clinical endpoint committee who were unaware of patients’ treatment assign-
ments. 
 
Statistical analyses 
Men and women were classified separately into quartiles according to NT-proBNP level. 
Continuous baseline variables with normal distribution are expressed as mean±SD, and data 
with a nonnormal distribution are given as median value (25th–75th percentile). 
A comparison of the baseline characteristics was done using analysis of variance or the 
Kruskall-Wallis analysis of variance median test (continuous variables) or the Pearson χ2 test 
(categorical variables), as appropriate. χ2 Test for trend was used for the association between 
NT-proBNP levels and severity of CAD and left ventricular function at discharge. 
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Cox regression analysis was performed to identify the predictive value of NT-proBNP on 
mortality and MI. Hazard ratios comparing the highest quartile of NT-proBNP with the lower 3 
quartiles were calculated. Three different Cox regression models were constructed. Model 1 
describes the predictive value of NT-proBNP for death or MI without any adjustments for 
other covariates. Model 2 includes adjustment for all baseline characteristics that were 
statistically significantly (p<0.05) associated with death or MI, whereas model 3 includes 
adjustment for all baseline variables mentioned in Table 1 with the exception of variables 
indicating drug therapy other than aspirin at admission. 
Although this study was not powered to assess the association between treatment strategy 
and mortality, we performed an exploratory survival analysis for illustrative purposes. Event 
rates at 1 year were estimated from the Kaplan–Meier curve. The relative risk and the 95% CI 
were calculated with the Kaplan–Meier mortality estimates at 1 year. The significance of 
differences in event rates between treatment groups was assessed with the use of the log-
rank test. All statistical tests were 2-tailed, and a p value of <0.05 was considered statistically 
significant. Statistical analysis was performed using the Statistical Package for Social Sciences 
software (SPSS 12.0 for Windows, SPSS Inc, Chicago, IL). 
 
Results 

Serum samples for determination of NT-proBNP concentrations were available for 1141 (95%) 
of 1200 patients. The clinical characteristics of these patients were similar to those of the 59 
patients without samples for baseline NT-proBNP measurements. NT-proBNP levels ranged 
from 5 to 35000 ng/L, with a median of 595 ng/L (262–1436 ng/L) for the entire population 
(513 ng/L (218–1170 ng/L) for men and 929 ng/L (408–2150 ng/L) for women). The median 
time from the last episode of chest pain to sampling was 13 h (8–20 h) in the early invasive 
group vs 13 h (7–19 h) in the selective invasive group. 
 
Association with baseline characteristics 
Higher baseline levels of NT-proBNP were associated with female sex; older age; a history of 
MI and hypertension; and the use of aspirin, ACE inhibitors, β-blockers, and nitrates before 
admission. Patients with higher NT-proBNP levels were more likely to have electro-
cardiographic changes at baseline, more likely to have higher levels of cTnT, more often had 
anginal symptoms within 30 days before the index event, and more likely to have impaired 
renal function compared with those with lower levels of NT-proBNP. The level of NT-proBNP 
was inversely associated with current smoking (Table 1). 
 
NT-proBNP in relation to severity of CAD and invasive procedures 
In the early invasive group, coronary angiography was performed in 99% of patients. The 
angiographic findings in relation to baseline NT-proBNP levels in patients randomized to the 
early invasive treatment strategy are shown in Figure 1. High levels of NT-proBNP were 
associated with severe CAD (χ2 for trend p=0.01). Cardiac procedures within 1 year stratified 
by quartiles of NT-proBNP and treatment strategy are illustrated in Figure 2.  
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Table 1. Baseline clinical characteristics according to the quartile of NT-proBNP. 

Variable NT-proBNP (ng/L)  p value 

 First quartile Second quartile Third quartile Fourth quartile   

 
≤217, men 

≤407, women 

218–512, men 

408–928, women

513–1169, men 

929–2149, women

≥1170, men 

≥2150, women 
  

 n=285 n=285 n=285 n=286   

Age (years) 57 ± 10 61 ± 10 64 ± 9 67 ± 10  <0.001 

Females 77 (27%) 77 (27%) 77 (27%) 77 (27%)   

Clinical history       

     Myocardial infarction 57 (20%) 46 (16%) 75 (26%) 86 (30%)  <0.001 

     Percutaneous coronary intervention 34 (12%) 28 (10%) 39 (14%) 33 (12%)  0.56 

     Coronary artery bypass grafting 15 (5%) 24 (8%) 31 (11%) 31 (11%)  0.06 

Risk factors       

     Hypertension 86 (30%) 111 (39%) 123 (43%) 125 (44%)  0.003 

     Diabetes mellitus 30 (11%) 46 (16%) 45 (16%) 41 (14%)  0.20 

     Hypercholesterolemia 103 (36%) 94 (33%) 102 (36%) 98 (34%)  0.85 

     Current cigarette smoking 140 (49%) 116 (41%) 114 (40%) 96 (34%)  0.002 

     Family history of CAD 132 (46%) 123 (43%) 119 (42%) 112 (39%)  0.38 

Drug therapy before admission       

     Aspirin 80 (28%) 93 (33%) 124 (44%) 139(49%)  <0.001 

     ACE inhibitors 27 (10%) 28 (10%) 49 (17%) 56 (20%)  <0.001 

     β-blockers 66 (23%) 90 (32%) 118 (41%) 127 (44%)  <0.001 

     Calcium-channel antagonists 40 (14%) 43 (15%) 51 (18%) 48 (17%)  0.60 

     Nitrates 22 (8%) 26 (9%) 36 (13%) 48 (17%)  0.003 

     Statins 74 (26%) 76 (27%) 86 (30%) 80 (28%)  0.69 

Anginal symptoms within 30 days 

before qualifying episode 
124 (44%) 145 (51%) 153 (54%) 169 (59%)  0.002 

Abnormalities on the admission ECG       

     ST-segment deviation ≥0.1 mV 129 (45%) 142 (50%) 138 (48%) 160 (56%)  0.04 

     ECG missing or unreadable 6 (2%) 8 (3%) 8 (3%) 11 (4%)   

Cardiac troponin T ≥0.30 μg/L 109 (38%) 139 (49%) 155 (54%) 166 (58%)  <0.001 

Creatinine clearance (mL/min)* 114 (90–136) 99 (82–121) 95 (75–112) 79 (63–103)  <0.001 

Men and women were separately classified according to the NT-proBNP level at baseline. Data are expressed as number of 

patients (%), mean±SD, or median (25th–75th percentile). *The creatinine clearance rate was calculated from the 

equation of Cockcroft and Gault, as follows: [[140-age (years)] x body weight (kg)] ÷ [0.815 x plasma creatinine (μmol/L)]. 

For women, the correction factor of 0.85 was used. ACE = angiotensin-converting enzyme; ECG = electrocardiogram. 
 
The overall revascularization rate in the highest quartile was 77% for the early invasive 
strategy vs 56% for the selective invasive strategy (p<0.001). For the early invasive strategy, 
no significant differences were found for the rate of angiography or revascularization be-
tween the highest and the lower 3 quartiles. In patients randomized to the selective invasive 
strategy, coronary angiography was performed in 64% of patients in the lower 3 quartiles of 
NT-proBNP vs 72% in the highest quartile (p=0.08). The incidence of coronary artery bypass 
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grafting was 24% among patients in the highest quartile compared with 11% in the lower 3 
quartiles (p<0.001), and the incidence of percutaneous coronary intervention was 32% 
compared with 43%, respectively (p=0.02; Figure 2). 
 
Left ventricular function at discharge in relation to NT-proBNP 
In 836 of 1141 patients, an echocardiogram for the assessment of left ventricular function 
was made at discharge. Impaired systolic left ventricular function was associated with high 
levels of NT-proBNP (χ2 for trend P<0.0001; Figure 3). 
 
Clinical outcomes 
Five patients were lost to follow-up at 12 months. Of these, 3 patients were known to be alive 
at 6 months, 1 at 1 month, and 1 at discharge from the initial hospitalization. The incidence of 
the composite primary endpoint and its components by 1 year according to the quartile of 
NT-proBNP are shown in Table 2. 

Figure 1. Severity of coronary artery disease (CAD) at angiography in relation to baseline NT-proBNP levels in patients 

randomized to the early invasive treatment strategy. LM = Left main. 

Figure 2. Cardiac procedures within 1 year stratified by quartiles of NT-proBNP in patients randomized to (A) early invasive 

treatment strategy and (B) selective invasive treatment strategy. CAG = coronary angiogram; PCI = percutaneous coronary 

intervention; CABG = coronary artery bypass grafting. 
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Figure 3. Levels of NT-proBNP in relation to left ventricular ejection fraction at discharge measured by echocardiogram 

(n=836). LVEF = left ventricular ejection fraction. 
 
Table 2. Incidence of the composite primary endpoint and its components by 1 year according to the quartile of NT-proBNP. 

Outcome NT-proBNP  p value 

 First quartile Second quartile Third quartile Fourth quartile   

 n=285 n=285 n=285 n=286   

Death 3 (1.1%) 1 (0.4%) 5 (1.8%) 21 (7.3%)  <0.0001 

Myocardial infarction 43 (15.1%) 32 (11.2%) 41 (14.4%) 29 (10.1%)  0.19 

     Spontaneous 12 (4.2%) 11 (3.9%) 11 (3.9%) 14 (4.9%)  0.70 

     Procedure-related 31 (10.9%) 21 (7.4%) 30 (10.5%) 15 (5.2%)  0.06 

Rehospitalization for anginal symptoms 24 (8.4%) 23 (8.1%) 26 (9.1%) 25 (8.7%)  0.79 

Primary endpoint 63 (22.1%) 54 (18.9%) 64 (22.5%) 68 (23.8%)  0.44 

Data are expressed as number of patients (%). 
 
Mortality at 1 year was 7.3% in the highest quartile compared with 1.1% in the lower 3 quar-
tiles (p<0.0001). The cause of death in relation to NT-proBNP, treatment strategy, and indica-
tors of risk is shown in Table 3. 
The incidence of MI after randomization did not differ between increasing quartiles of 
NT-proBNP (Table 2). Furthermore, no association was found between NT-proBNP levels and 
the incidence of rehospitalization for angina. In summary, no association was found between 
NT-proBNP levels and the incidence of the primary endpoint by 1 year. NT-proBNP levels and 
the risk for death or MI were studied by Cox regression analyses. High NT-proBNP levels were 
strongly associated with death, if not adjusted for baseline characteristics (model 1). In a Cox 
regression analysis adjusting for statistically significant predictors of 1-year mortality (model 
2) and for all baseline characteristics (model 3), the highest quartile of NT-proBNP remained a 
strong independent predictor of 1-year mortality (Table 4).  
There was remarkable association between a high level of NT-proBNP in combination with an 
impaired renal function (creatinine clearance <75 mL/min) and death within 1 year. Mortality 
among patients in the highest quartile of NT-proBNP with an impaired renal function was 
13.8% vs 2.5% among patients with normal renal function. 
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Table 3. Cause of death in relation to NT-proBNP, treatment strategy, and indicators of risk. 

Patient 

no. 

NT-proBNP 

quartile 

cTnT at 

randomization 

(μg/L) 

Treatment 

strategy 

CAD LVEF (%) Time to 

first PCI/ 

CABG (d)

Time to 

death (d)

Cause of death 

1 1 1.70 EI 1-VD – 0 244 Leukaemia 

2 1 1.74 SI – <40 – 5 Lethal pericardial effusion 

3 1 0.42 SI 3-VD/LM >60 – 71 Sudden/unobserved death 

4 2 1.36 EI 3-VD/LM – 30 33 Hemorrhagic stroke 

5 3 0.57 EI 2-VD >60 29 308 Thrombosis of arteria mesenterica 

6 3 0.08 SI 3-VD/LM <40 5 69 Sudden/unobserved death 

7 3 1.09 SI 1-VD >60 6 64 Traffic accident 

8 3 0.08 SI – 40-60 – 223 Sudden/unobserved death 

9 3 0.40 SI – <40 – 76 Myocardial infarction 

10 4 0.88 EI 1-VD – – 238 Sudden/unobserved death 

11 4 0.78 EI 2-VD >60 8 15 Cardiogenic shock and intestinal 

ischemia 

12 4 2.58 EI 3-VD/LM – 0 185 Myocardial infarction 

13 4 0.29 EI 2-VD 40-60 – 20 Sudden/unobserved death 

14 4 0.71 EI 3-VD/LM – 1 2 Lethal pericardial effusion caused by 

PCI 

15 4 0.72 EI 2-VD <40 20 74 Ruptured aortic abdominal aneurysm 

16 4 3.19 EI 1-VD <40 1 87 CABG-related septic shock 

17 4 0.29 EI 2-VD – 21 60 Myocardial infarction 

18 4 0.05 EI 2-VD – 2 3 Bradyarrhythmia 

19 4 0.19 EI No CAD – – 6 Ischemic stroke caused by CAG 

20 4 0.15 EI 1-VD 40-60 – 247 Heart failure 

21 4 0.13 EI 2-VD >60 – 10 Major bleeding 

22 4 0.36 SI – >60 – 4 Lethal pericardial effusion caused by 

free wall rupture 

23 4 0.33 SI 1-VD – 85 87 Sudden/unobserved death 

24 4 0.13 SI 1-VD 40-60 – 31 Ischemic stroke 

25 4 0.68 SI 3-VD/LM <40 – 8 Heart failure 

26 4 2.31 SI 3-VD/LM <40 – 11 AF followed by cardiogenic shock 

before CABG 

27 4 0.27 SI – – – 76 Heart failure 

28 4 2.00 SI – <40 – 3 Heart failure 

29 4 1.86 SI 1-VD <40 – 163 Sudden/unobserved death 

30 4 0.07 SI 2-VD – – 120 Sudden/unobserved death 

CAG = coronary angiogram; CABG = coronary artery bypass grafting; d = days; EI = early invasive treatment strategy; LM 

= left main; PCI = percutaneous coronary intervention; SI = selective invasive treatment strategy; VD = vessel disease. 

 
There was no association between high NT-proBNP levels and recurrent MI (model 1). In 
addition, if adjusted for all baseline characteristics that were statistically significantly associ-
ated with recurrent MI (model 2) or for all baseline characteristics with the exception of 
antianginal medication (model 3), the highest quartile of NT-proBNP was not associated with 
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recurrent MI at 1 year (Table 4). Furthermore, there was no association between NT-proBNP 
and recurrent spontaneous MI.  
The mortality over time for patients in the highest quartile and lower 3 quartiles, stratified by 
treatment strategy, is illustrated in Figure 4. An early invasive strategy provided no mortality 
reduction, irrespective of NT-proBNP (highest quartile: RR 1.5, 95% CI 0.7–3.5, p=0.32; lower 
quartiles: RR 0.5, 95% CI 0.1–1.8, p=0.26). 
 
Table 4. NT-proBNP levels and the risk for death and myocardial infarction at 1 year. 

 Death Myocardial infarction Spontaneous MI 

 HR (95% CI) p value  HR (95% CI) p value  HR (95% CI) p value 

Model 1          

     NT-proBNP: Q4 vs Q1-Q3  7.2 (3.3–15.8) <0.0001  0.7 (0.5–1.1) 0.14  1.3 (0.7–2.4) 0.46 

Model 2          

     NT-proBNP: Q4 vs Q1-Q3  5.0 (2.2–11.5) 0.0001  0.7 (0.5–1.1) 0.14  1.1 (0.6–2.0) 0.80 

Model 3          

     NT-proBNP: Q4 vs Q1-Q3  5.0 (2.1–11.6) 0.0002  0.7 (0.5–1.1) 0.18  1.0 (0.5–2.0) 0.95 

Cox regression analyses. Model 1 describes the predictive value of NT-proBNP for death or myocardial infarction (MI) 

without any adjustments for other covariates. Model 2 includes adjustment for all baseline characteristics that were 

statistically significantly (p<0.05) associated with death or MI (in the model for death: age ≥65 years, previous MI, 

hypertension, diabetes mellitus, prior aspirin use, ST-segment deviation ≥1 mm, and creatinine clearance <75 mL/min; 

in the model for MI: early invasive strategy and ST-segment deviation ≥1 mm; in the model for spontaneous MI: previous 

MI, diabetes mellitus, prior aspirin use, ST-segment deviation ≥1 mm, and family history of CAD). Model 3 includes 

adjustment for all baseline variables mentioned in Table 1 with the exception of variables indicating drug therapy other 

than aspirin at admission. HR = hazard ratio; CI = confidence interval; Q = quartile. 

 

 

Figure 4. Kaplan–Meier estimates of death in relation to treatment strategy and the level of NT-proBNP. 
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Discussion 

This study confirmed that there was a strong association between the concentration of 
NT-proBNP at admission and mortality at 1 year in patients who have nSTE-ACS with an 
elevated cTnT.13 We demonstrated that increased levels of NT-proBNP at baseline were 
associated with several indicators of risk and severe CAD, which is in accordance with previ-
ous studies.9,12,18 Furthermore, we found a very strong association between mortality and the 
combination of a high NT-proBNP and impaired renal function. However, NT-proBNP levels 
were not associated with the rate of MI by 1 year. 
Current guidelines recommend an early invasive treatment strategy for high-risk patients 
with nSTE-ACS, particularly because prior studies demonstrated a reduction in recurrent MI. 
In this study, no association between NT-proBNP concentrations at baseline and MI by 1 year 
was found. These results confirm other reports in which BNPs appear to be a stronger predic-
tor of mortality than of recurrent MI.6,13 In addition, BNP levels in the TACTICS-TIMI 18 trial and 
NT-proBNP levels in the FRISC-II trial were not associated with recurrent MI.7,13 
Several mechanisms have been reported to be responsible for NT-proBNP elevation in acute 
coronary syndromes. According to present data, acute myocardial ischemia seems to be 
responsible for only a modest elevation (1–5 times the upper limit of normal) of NT-proBNP 
levels.3,4 In our study, high NT-proBNP levels were associated with high cTnT concentrations, 
indicating that the NT-proBNP is associated with the size of new myocardial damage of the 
index event. However, it is unclear whether a 10- to 20-fold increase in NT-proBNP (upper 
quartile) is entirely due to myocardial ischemia of the index event. We showed that high 
levels of NT-proBNP are associated with anginal symptoms within 30 days before the index 
event, the use of antianginal medication before randomization, and 3-vessel disease. There-
fore, it could be speculated that high levels of NT-proBNP at admission are the result of both 
myocardial ischemia before the index event and the index event itself. Another mechanism 
for NT-proBNP elevation in acute coronary syndromes is permanently elevated levels of NT-
proBNP reflecting ventricular dysfunction or heart failure before the index event. Unfortu-
nately, there was no information regarding left ventricular function at randomization. How-
ever, there was a strong association between high levels of NT-proBNP and an impaired left 
ventricular function at discharge. 
The cause of death in relation to NT-proBNP, treatment strategy, and indicators of risk is 
shown in Table 3. In the highest quartile of NT-proBNP, almost 50% of patients died because 
of progression of heart failure or sudden/unobserved death, further stressing that the natri-
uretic peptides do not predict ischemic events. Whether prognosis in these patients can be 
improved with other therapies besides revascularization, perhaps with more intensive 
antiarrhythmic therapy, ICD implantation, or more intensive monitoring of heart failure, 
remains to be elucidated. 
We performed an exploratory analysis for the association between mortality and treatment 
strategy for different levels of NT-proBNP. We observed no reduction in mortality with the 
use of an early invasive strategy compared with a selective invasive strategy, regardless of 
the NT-proBNP level at baseline. The prognostic value and the effect of treatment strategy 
have previously been studied in 2 major strategy trials, the FRISC-II trial and the TACTICS-TIMI 
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18 trial.7,13 In both trials, plasma levels of BNP at baseline were independently associated with 
mortality, but both trials failed to show a reduction in mortality with the use of an early 
invasive strategy. However, in the FRISC-II trial, a reduction in mortality was observed with 
the use of an invasive strategy in patients with an elevated NT-proBNP level in combination 
with an elevated interleukin-6 level.7 
When comparing strategy trials, differences in the rate of revascularization should be taken in 
to account. In the FRISC-II trial, there was a large difference in the rate of revascularization 
between the invasive and conservative strategies in the trial, 13% and 76%, respectively. 
Interestingly, this is the only strategy trial showing a reduction of mortality with the use of an 
invasive strategy at 2-year follow up. 
The revascularization rate during initial hospitalization in the noninvasive and invasive 
treatment arms in the ICTUS study was 40% and 76%, in the TACTICS-TIMI 18 trial 36% and 
60%, and in the RITA 3 study 10% and 44%. There was no significant difference in mortality 
observed in any of these strategy trials. 
In conclusion, we confirmed that NT-proBNP is a strong independent predictor of mortality 
by 1 year, but we found no association between NT-proBNP and recurrent MI. Sudden death 
and progression of congestive heart failure are important causes of death in the highest 
quartile of NT-proBNP. We could not demonstrate a benefit of an early invasive strategy in 
patients who have nSTE-ACS with both an elevated NT-proBNP and cTnT. Therefore, based 
on our findings and on findings in the FRISC-II and TACTICS-TIMI 18 trials, an NT-proBNP 
measurement may not be useful for the identification of patients with nSTE-ACS who will 
benefit from an early invasive treatment strategy within 1 year. 
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Abstract 

Background  

We assessed the value of cystatin C for improvement of risk stratification in patients with 
non-ST-elevation acute coronary syndrome (nSTE-ACS) and increased cardiac troponin T, and 
we compared the long-term effects of an early invasive treatment strategy (EIS) with a selec-
tive invasive treatment strategy (SIS) with regard to renal function. 

Methods  

Patients (n=1128) randomized to an EIS or a SIS in the ICTUS trial were stratified according to 
the tertiles of the cystatin C concentration at baseline. The endpoints were death within 
4 years and spontaneous myocardial infarction (MI) within 3 years. 

Results  

Mortality was 3.4%, 6.2%, and 13.5% in the first, second, and third tertiles, respectively, of 
cystatin C concentration (log-rank p<0.001), and the respective rates of spontaneous MI were 
5.5%, 7.5%, and 9.8% (log-rank p=0.03). In a multivariate Cox regression analysis, the cystatin 
C concentration in the third quartile remained independently predictive of mortality (hazard 
ratio (HR) 2.04; 95% CI 1.02–4.10; p=0.04) and spontaneous MI (HR 1.95; 95% CI 1.05–3.63; 
p=0.04). The mortality rate in the second tertile was lower with the EIS than with the SIS (3.8% 
vs 8.7%). In the third tertile, the mortality rates with the EIS and the SIS were, respectively, 
15.0% and 12.2% (p for interaction=0.04). Rates of spontaneous MI were similar for the EIS 
and the SIS within cystatin C tertiles (p for interaction=0.22). 

Conclusion  

In patients with nSTE-ACS and an increased cardiac troponin T concentration, mild to moder-
ate renal dysfunction is associated with a higher risk of death and spontaneous MI. Use of 
cystatin C as a serum marker of renal function may improve risk stratification. 
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Introduction 

Reduced glomerular filtration rates are strongly associated with the risk of new-onset coro-
nary artery disease (CAD), as well as with the risk of death following an initial myocardial 
infarction (MI).1,2 Even minor changes in the glomerular filtration rate are associated with 
marked increases in cardiovascular morbidity and mortality.3,4 Cystatin C is a novel endoge-
nous marker of kidney function that may be more sensitive for detecting mild to moderate 
decrements in the glomerular filtration rate than creatinine-based estimating equations. 
Several studies have suggested that the serum concentration of cystatin C may be a better 
predictor of outcomes of cardiovascular disease than glomerular filtration rate estimates 
based on the serum creatinine concentration2,4–6; however, extensive evaluations are still 
necessary to assess the long-term prognostic impact of mild renal dysfunction in patients 
with non-ST-elevation acute coronary syndrome (nSTE-ACS) and an increased cardiac tro-
ponin T concentration. 
Improved risk stratification may help identify patients with an increased risk of future cardiac 
events, but the question of how to select the most appropriate treatment strategy for these 
patients remains problematic. An early invasive treatment strategy (EIS) consisting of early 
angiography and subsequent revascularization in nSTE-ACS has been recommended with a 
Ia level of supporting evidence.7 An EIS is associated with a reduction of adverse cardiac 
events, compared with a selective invasive treatment strategy (SIS) consisting of initial 
medical therapy, especially in patients with an intermediate or high risk for adverse cardio-
vascular events.8 Therefore, patients with mild renal dysfunction may derive greater absolute 
benefit from an EIS than patients with a nonpathologic renal function by virtue of their 
higher baseline risk; however, the risk of complications associated with invasive procedures is 
higher in patients with renal dysfunction. Exposure to the contrast medium and cholesterol 
embolism during coronary angiography induce acute renal failure (an event associated with 
death) more frequently in patients with renal dysfunction than in those without renal dys-
function.9,10 Given the altered risks and benefits of coronary angiography in nSTE-ACS pa-
tients, it is unclear whether such patients benefit from an EIS. Until now, only one 
randomized study has evaluated the long-term effects of revascularization with regard to 
renal function in patients with nSTE-ACS.11 In this study, Johnston et al. found mild to moder-
ate renal dysfunction to be associated with a higher risk of subsequent cardiac events. 
Interestingly, intervention was more beneficial in patients with mild renal dysfunction than in 
patients with nonpathologic renal function.11 
In the present substudy of the Invasive versus Conservative Treatment of Unstable Coronary 
Syndromes (ICTUS) trial, we evaluated the prognostic value of cystatin C in nSTE-ACS patients, 
and we assessed the effect of an EIS versus that of a SIS with regard to renal function among 
nSTE-ACS patients with an increased cardiac troponin T concentration. 
 
Methods 

Between July 2001 and August 2003, the ICTUS trial enrolled 1200 patients from 42 Dutch 
hospitals, 12 of which were high-volume centers with facilities for percutaneous intervention 
and on-site cardiac surgery. Patients were randomly assigned to an EIS or a SIS. The details of 
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the study methods, the design, and short and long-term results have previously been pub-
lished.12,13 In brief, eligible patients had to meet 3 criteria: (i) symptoms of ischemia that were 
increasing or occurring at rest, with the last episode occurring no more than 24 h before 
randomization; (ii) an increase in the serum cardiac troponin T concentration of ≥0.03 μg/L; 
and (iii) either of the following: ischemic changes on the electrocardiogram (defined as ST-
segment depression or transient ST-segment elevation ≥0.05 mV or T-wave inversion ≥0.2 
mV in 2 contiguous leads) or a documented history of CAD. The primary exclusion criteria 
were an age <18 years or >80 years, ST-elevation MI in the preceding 48 h, an indication for 
reperfusion therapy, hemodynamic instability or overt congestive heart failure, and an 
increased risk of bleeding. 
Patients assigned to the EIS were scheduled to undergo angiography within 24–48 h after 
randomization and to undergo percutaneous revascularization when the coronary anatomy 
indicated such action was appropriate. Cardiac surgery was recommended in cases of exten-
sive 3-vessel disease or substantial left main stem disease and was to be performed as soon 
as possible during the initial hospitalization. Patients assigned to the SIS were managed 
medically. These patients were to undergo angiography and subsequent revascularization 
only in cases of refractory unstable angina despite optimal medical treatment, hemodynamic 
or rhythmic instability, or substantial ischemia on the predischarge exercise test. Coronary 
angiography and revascularization after the initial hospital phase were performed if severe 
anginal symptoms remained (Canadian Cardiovascular Society class III or IV) despite optimal 
antianginal medication or when ischemia was present in an ischemia-detection test. 
This study complied with the principles set forth in the Declaration of Helsinki and was 
approved by all the local institutional review boards. All patients gave written informed 
consent. 
 
Cystatin C and other biomarkers 
Baseline samples were obtained at admission and were stored for central analyses of cystatin 
C, creatinine, N-terminal pro-B-type natriuretic peptide (NT-proBNP), C-reactive protein, and 
cardiac troponin T. Blood samples were collected in tubes without anticoagulant, and the 
samples were centrifuged. The serum was then aliquoted and stored at –20 °C to –70 °C at 
the enrolling site until shipment to the clinical chemistry core laboratory at the Academic 
Medical Center in Amsterdam, where they were maintained at –80 °C. Cystatin C concentra-
tions were measured on a ProSpec analyzer (Dade Behring). Creatinine was measured enzy-
matically on the Modular P800 System (Roche Diagnostics). C-reactive protein, cardiac 
troponin T (third-generation assay), and serum NT-proBNP (sandwich immunoassay) were 
measured on an Elecsys 2010 instrument (Roche Diagnostics). The total CV of cystatin C was 
2% at 1.03 mg/L and 2% at 1.43 mg/L. The creatinine clearance rate was calculated with the 
equation of Cockcroft and Gault and was corrected for body surface area.14 
 
Other examinations 
In patients randomized to the EIS, the extent of CAD was assessed from the first coronary 
angiogram. Stenosis of ≥70% in diameter in at least one of the segments in the pertinent 
vessel area (right coronary artery, left anterior descending artery, and diagonal artery, and 



Cystatin C, treatment strategy, and outcome in ICTUS 89 

circumflex artery) was considered important with respect to the traditional 1-vessel, 2-vessel, 
and 3-vessel classification of disease. Left main stenosis was considered important if the 
reduction in artery diameter exceeded 50%. 
 
Definitions of endpoints 
The main outcomes in this study were the incidence of death within 4 years and recurrent 
spontaneous MI within 3 years after randomization. Secondary outcomes were the inci-
dences of the first procedure-related MI and the first MI (first spontaneous or procedure-
related MI) within 3 years. We defined MI as documented myocardial necrosis either in the 
setting of myocardial ischemia or in the setting of percutaneous revascularization, according 
to the consensus committee recommendations of the Joint European Society of Cardiology/ 
American College of Cardiology Committee for the Redefinition of Myocardial Infarction.15 
Details of data collection in the long-term follow-up study of the ICTUS trial have previously 
been published.12 All endpoints were adjudicated by members of an independent clinical 
endpoint committee who were unaware of the patients’ treatment assignment. 
 
Statistical analyses 
Patients were grouped according to cystatin C tertile: <0.86 mg/L, 0.86–1.01 mg/L, and >1.01 
mg/L. Continuous variables with a normal distribution at baseline are expressed as the mean 
(±SD), and data with a nonnormal distribution are given as the median (25th–75th percentile). 
The Kruskal–Wallis rank sum test was used for continuous variables in a comparison of 
baseline characteristics and the severity of CAD; the Mantel–Haenszel χ2 test was used for 
categorical variables. Event rates according to cystatin C tertiles were estimated from the 
Kaplan–Meier curve. The statistical significance of differences in event rates between cystatin 
C tertiles was assessed by means of the log-rank test. Univariate and multivariate Cox regres-
sion analysis was performed to identify the value of cystatin C concentration for predicting 
death within 4 years and spontaneous MI within 3 years. Model 1 describes the value of 
cystatin C for predicting death within 4 years and spontaneous MI within 3 years, with no 
adjustments for other covariates. Model 2 includes adjustment for the following: sex; age >65 
years; hypertension; diabetes; smoking status; hypercholesterolemia; family history of CAD; 
history of MI; percutaneous coronary intervention or coronary artery bypass grafting (CABG); 
use of aspirin, statins, β-blockers, and ACE inhibitors before randomization; NT-proBNP ≥1170 
ng/L in men and ≥2150 ng/L in women;16 C-reactive protein ≥10 mg/L; cardiac troponin T 
≥0.3 μg/L; and the presence of an ST-segment deviation ≥0.1 mV on the admission electro-
cardiogram. Although this study was not powered to assess the association of treatment 
strategy with mortality and spontaneous MI, we performed an exploratory survival analysis 
with regard to cystatin C concentration for illustrative purposes. Event rates were estimated 
from the Kaplan–Meier curve, and a univariate Cox regression analysis was performed. 
Statistical analysis was performed with the Statistical Package for Social Sciences (SPSS 16.0 
for Windows). 
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Results 

General findings 
Serum samples for the measurement of cystatin C and creatinine concentrations were avail-
able for 1128 of the 1200 patients. The median cystatin C concentration was 0.93 mg/L (25th–
75th percentile 0.82–1.09 mg/L; range 0.55–6.63 mg/L). Patients were grouped according to 
cystatin C tertile. In patients with cystatin C concentrations <0.86 mg/L (first tertile), the 
median creatinine clearance was 102 mL/min/1.73m2 (25th–75th percentile: 87–118 mL/min/ 
1.73m2). In patients with cystatin C concentrations of 0.86–1.01 mg/L (second tertile), the 
median creatinine clearance was 87 mL/min/1.73m2 (25th–75th percentile: 75–102 mL/min/ 
1.73m2). In patients with cystatin C concentrations >1.01 mg/L (third tertile), the median 
creatinine clearance was 68 mL/min/1.73m2 (25th–75th percentile: 56–82 mL/min/1.73m2). 
Table 1 presents the patient characteristics according to cystatin C tertile. Higher baseline 
concentrations of cystatin C were associated with older age, a history of MI, previous CABG, 
hypertension, and high NT-proBNP concentrations. At the time of randomization, patients 
with cystatin C >1.01 mg/L were more often being treated with aspirin, β-blockers, and ACE 
inhibitors than were patients who had lower cystatin C concentrations. Medical therapies 
after discharge were similar across cystatin C tertiles. 
Figure 1 summarizes the angiographic findings with respect to baseline cystatin C concentra-
tions in patients randomized to the EIS. The cystatin C tertiles were similar with respect to 
percentages of multivessel disease (p=0.12). 
Patients in the third cystatin C tertile were less likely to undergo percutaneous coronary 
intervention within 30 days after randomization than patients in the first and second tertiles 
(37% in the third tertile, 50% in the second tertile, and 52% in the first tertile; p<0.001). The 
incidences of CABG were similar across cystatin C tertiles (16%, 13%, and 14% in the third, 
second, and first tertiles, respectively; p=0.47). 
 

 

Figure 1. Severity of coronary artery disease (CAD) at angiography according to cystatin C tertile in patients randomized to the 

early invasive strategy (p=0.12). 1 VD = 1-vessel disease. 
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Table 1. Patient characteristics according to cystatin C tertile. 

Characteristic  Cystatin C tertile   

  

First tertile:  

<0.86 mg/L 

(n=378) 

Second tertile: 

0.86–1.01 mg/L 

(n=365) 

Third tertile:  

>1.01 mg/L 

(n=385) 

 p value 

Age (years)  57 ± 10 62 ± 10 67 ± 9  <0.001 

Females   88 (23%) 107 (29%) 113 (29%)  0.06 

Clinical history       

     Myocardial infarction  71 (19%) 77 (21%) 114 (30%)  <0.001 

     Percutaneous coronary intervention  47 (12%) 37 (10%) 48 (12%)  0.98 

     Coronary artery bypass grafting  21 (6%) 35 (10%) 44 (11%)  0.004 

Risk factors       

     Hypertension  136 (36%) 115 (32%) 188 (49%)  <0.001 

     Diabetes mellitus  50 (13%) 44 (12%) 66 (17%)  0.12 

     Hypercholesterolemia  133 (35%) 111 (30%) 149 (39%)  0.30 

     Current cigarette smoking  160 (42%) 149 (41%) 151 (39%)  0.38 

     Family history of coronary artery disease  166 (44%) 162 (44%) 150 (39%)  0.17 

Drug therapy prior to admission       

     Aspirin  112 (30%) 132 (36%) 188 (49%)  <0.001 

     ACE inhibitors  41 (11%) 43 (12%) 75 (19%)  0.001 

     β-blockers  106 (28%) 111 (30%) 180 (47%)  <0.001 

     Statins  101 (27%) 93 (25%) 119 (31%)  0.19 

Abnormalities on the admission ECG       

     ST-segment deviation ≥0.1mV*  200 (55%) 173 (49%) 173 (48%)  0.04 

Biomarkers at admission       

     Cardiac troponin T ( g/L)  0.26 (0.11–0.75) 0.30 (0.13–0.78) 0.32 (0.14–0.73)  0.27 

     NT-proBNP (ng/L)  432 (183–880) 477 (222–1072) 1082 (467–2324)  <0.001 

     C-reactive protein (mg/L)  3.1 (1.3–8.3) 4.1 (1.9–9.6) 5.3 (2.3–13.2)  <0.001 

     Creatinine clearance (ml/min/1.73m2)  102 (87–118) 87 (75–103) 68 (56–82)  <0.001 

Drug therapy at discharge†       

     Aspirin  352 (93%) 338 (93%) 337 (90%)  0.08 

     ACE inhibitors  112 (30%) 104 (28%) 128 (34%)  0.19 

     β-blockers  333 (88%) 314 (86%) 321 (86%)  0.27 

     Statins  355 (94%) 333 (91%) 342 (91%)  0.13 

Invasive procedures at 30 days after 

randomization 

      

     Coronary angiography  307 (81%) 290 (79%) 288 (75%)  0.03 

     Percutaneous coronary intervention  195 (52%) 182 (50%) 142 (37%)  <0.001 

     Coronary artery bypass grafting  53 (14%) 49 (13%) 61 (16%)  0.47 

Data are presented as the number of patients (%), the mean (±SD), or the median (25th–75th percentile). *No ECGs were 

missing in the first tertile. Eight and 23 ECGs were missing the second and third tertiles, respectively; †Of the patients 

discharged alive. ACE = angiotensin-converting enzyme; ECG = electrocardiogram. 
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Clinical outcomes 
The median follow-up time from randomization was 2.7 years for spontaneous MI and 3.4 
years for mortality. Table 2 summarizes long-term outcomes according to cystatin C tertile. 
Eighty-one patients (7.8%) died within 4 years (3.4% in the first cystatin C tertile, 6.2% in the 
second tertile, and 13.5% in the third tertile; p<0.001). 
During clinical follow-up, 77 patients (7.6%) had a spontaneous MI. The rate of spontaneous 
MI was 5.5% in the first cystatin C tertile, 7.5% in the second tertile, and 9.8% in the third 
tertile (p=0.03). No association was found between renal function and the incidence of 
procedure-related MI within 3 years. 
 

Table 2. Long-term outcomes according to cystatin C tertile. 

  Cystatin C tertile  

  

First tertile:  

<0.86 mg/L 

(n=378) 

Second tertile: 

0.86–1.01 mg/L 

(n=365) 

Third tertile:  

>1.01 mg/L 

(n=385) 

p value 

Death within 4 years  3.4% (12) 6.2% (21) 13.5% (48)  <0.001 

Spontaneous MI within 3 years  5.5% (19) 7.5% (22) 9.8% (36)  0.03 

Procedure-related MI within 3 years  8.0% (30) 11.8% (43) 7.9% (30)  0.10 

MI (spontaneous or procedure-related) 

within 3 years 

 12.6% (46) 18.1% (61) 16.3% (61)  0.17 

Data are presented as percentages from Kaplan–Meier curves at long-term follow-up; the number of events is in 

parentheses. 

 
The cystatin C concentration was strongly associated with mortality within 4 years (hazard 
ratio (HR) for third vs first tertile 4.07; 95% CI 2.16–7.66; p<0.001). In a Cox regression analysis 
that adjusted for predictors of 4-year mortality, the cystatin C concentration in the third 
tertile remained an independent predictor of 4-year mortality (HR 2.04; 95% CI 1.02–4.10; 
p=0.04). 
We also observed an association between high cystatin C concentrations and spontaneous 
MI (HR for third tertile vs first tertile 2.06; 95% CI 1.17–3.63; p=0.01). When adjusted for these 
baseline characteristics, the third cystatin C tertile was still associated with recurrent sponta-
neous MI at 3 years (HR 1.95; 95% CI 1.05–3.63; p=0.04; Table 3). 
 
Treatment strategy 
For illustrative purposes, we compared the effect of an EIS to a SIS in each cystatin C tertile 
(Table 4). A comparison of treatment strategies within cystatin C tertiles revealed similar rates 
of spontaneous MI in the EIS and the SIS (p for interaction=0.22); however, we did observe a 
lower death rate among patients with cystatin C concentrations in the second tertile (0.86–
1.01 mg/L) randomized to the EIS, compared with those randomized to the SIS (3.8% vs 8.7%). 
In patients with cystatin C >1.01 mg/L, an inverse trend was observed. The death rate in the 
EIS was 15.0%, compared with 12.2% in the SIS (p for interaction=0.04). 
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Table 3. Hazard ratios and 95% CIs for death at 4 years and spontaneous myocardial infarction at 3 years according to the 

tertile of baseline cystatin C concentration. 

  Cystatin C tertile   

  
First tertile:  

<0.86 mg/L 

Second tertile: 

0.86–1.01 mg/L 

Third tertile:  

>1.01 mg/L 
 

p value, third 

vs first tertile 

Death within 4 years       

     Model 1  1 1.81 (0.89–3.67) 4.07 (2.16–7.66)  <0.001 

     Model 2  1 1.41 (0.68–2.94) 2.04 (1.02–4.10)  0.04 

Spontaneous MI within 3 years       

     Model 1  1 1.26 (0.67–2.35) 2.06 (1.17–3.63)  0.01 

     Model 2  1 1.32 (0.70–2.50) 1.95 (1.05–3.63)  0.04 

Model 1 describes the predictive value of cystatin C without any adjustments for other covariates. Model 2 includes 

adjustment for all baseline characteristics listed in Table 1 (age, sex, clinical history, risk factors, drug therapy prior to 

admission, ST-segment deviation ≥0.1mV, and biomarker values at admission). 

 
Table 4. The effect of treatment strategy on outcome according to cystatin C tertile. 

  
Early invasive 

strategy 

Selective invasive 

strategy 

Hazard ratio 

(95% CI) 
 

p value for 

interaction * 

Mortality within 4 years       

     Cystatin C  <0.86 mg/L  4.2% (7/186) 2.6% (5/192) 1.45 (0.46–4.55)  0.04 

     Cystatin C 0.86–1.01 mg/L  3.8% (6/185) 8.7% (15/180) 0.38 (0.15–0.98)   

     Cystatin C  >1.01 mg/L  15.0%(30/200) 12.2% (18/185) 1.58 (0.88–2.84)   

Spontaneous MI within 3 years       

     Cystatin C  <0.86 mg/L  5.2% (8/186) 5.8% (11/192) 0.74 (0.30–1.83)  0.22 

     Cystatin C 0.86–1.01 mg/L  5.8% (9/185) 9.2% (13/180) 0.65 (0.28–1.51)   

     Cystatin C >1.01 mg/L  11.7% (22/200) 7.8% (14/185) 1.53 (0.79–3.00)   

Data are presented as percentages from Kaplan–Meier curves; the number of events and total number of patients are in 

parentheses. *Significance of interaction for cystatin C in the 3 groups. 
 
Discussion 

In the present study, cystatin C was considered as a marker for improving risk stratification in 
nSTE-ACS patients with an increased cardiac troponin T concentration. We observed incre-
mental increases in mortality and spontaneous MI with increasing cystatin C concentration. 
After adjustment for baseline characteristics (including NT-proBNP), cystatin C was found to 
be independently associated with mortality. 
These findings are in accordance with those of several previous studies and confirm the 
importance of renal function as a marker of increased risk.2,4–6,17,18 The strong association 
between renal function and mortality can be explained in several ways. First, mild renal 
dysfunction is associated with generalized atherosclerosis and vascular damage.19 Second, 
mild renal dysfunction is associated with a higher incidence of known cardiovascular risk 
factors. In the present study, patients with mild renal dysfunction were older and more often 
had a history of MI, previous CABG, and hypertension. Such patients also presented more 
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often with high-risk features, such as higher NT-proBNP concentrations, reflecting more 
severe left ventricular dysfunction. Third, patients with ACS and renal dysfunction have been 
demonstrated to be less likely to receive adequate treatment than those without renal 
dysfunction.18 In our study, patients with high cystatin C concentrations were less likely to 
undergo percutaneous coronary intervention, but medical therapies at discharge in patients 
with high cystatin C concentrations were similar to those in patients with lower concentra-
tions of cystatin C. 
Patients with renal disease are often excluded from major randomized cardiovascular trials. 
Consequently, there is a lack of evidence concerning the potential benefit of interventions for 
this growing, high-risk population.20 Little is known about the effect of treatment strategy on 
outcome in patients with renal dysfunction, because all major strategy trials, including the 
ICTUS trial, have excluded patients with severe renal dysfunction. 
We compared the effect of an EIS with that of a SIS in each cystatin C tertile for descriptive 
purposes. Although we observed a lower event rate in the middle tertile for an EIS, we can 
draw no definite conclusions, given the relatively small sample size. In the third tertile, a 
nonsignificant trend was seen in favor of the SIS. The Fast Revascularisation during Instability 
in Coronary Artery Disease (FRISC-II) substudy of Johnston et al. is the only randomized study 
that has reported on the long-term effects of revascularization with regard to renal function 
in patients with nSTE-ACS.11 In this study, nSTE-ACS patients were randomized to a noninva-
sive or an invasive treatment strategy and were stratified by tertile of creatinine clearance 
(<69 mL/min, 69–90 mL/min, and >90 mL/min). The patients were followed for 2 years for the 
occurrence of death and/or MI. There was a trend toward a higher mortality in patients with 
lower creatinine clearance among the patients randomized to the invasive treatment strat-
egy. These findings suggest an altered risk-to-benefit ratio in nSTE-ACS patients who have 
impaired renal function and undergo invasive procedures. 
There are several limitations to the present study. Admission samples for cystatin C and 
creatinine measurements were not available for 72 patients. Another limitation was the lack 
of measurements of urinary albumin excretion, so we cannot compare albuminuria and 
cystatin C as markers of preclinical kidney disease. In this study, patients were divided into 
cystatin C tertiles to achieve equally large groups for statistical comparisons. An alternative 
might have been to use the National Kidney Foundation criteria for the staging of chronic 
kidney disease; however, this classification is not easily applicable in a cohort of patients with 
nonpathologic renal function or mild renal dysfunction. The comparison of an EIS with a SIS 
was made only for illustrative purposes because the study had insufficient power. Finally, no 
information on renal function was available during follow-up. 
In conclusion, in patients with nSTE-ACS who have an increased cardiac troponin T concen-
tration, mild to moderate renal dysfunction is associated with a higher risk of death and 
spontaneous MI during long-term follow-up. We have shown cystatin C to be a potential 
marker for enhancement of risk stratification to identify nSTE-ACS patients with a higher risk 
of death and spontaneous MI. Additional studies are needed to provide information regard-
ing optimal treatment strategies in nSTE-ACS patients with mild to moderate renal dysfunc-
tion. 
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Abstract 

Background  

The ICTUS trial compared an early invasive versus a selective invasive strategy in high risk 
patients with a non-ST-segment elevation acute coronary syndrome and an elevated cardiac 
troponin T. Alongside the ICTUS trial a cost-effectiveness analysis from a provider perspective 
was performed. 

Methods and results  

A total of 1200 patients with a non-ST-segment elevation acute coronary syndrome and an 
elevated cardiac troponin T were randomized. An early invasive strategy was not superior to 
a selective strategy. Total costs per patient were €1,379 (95% CI 416 to 2,356) more expensive 
in the early invasive group (€13,364) than in the selective invasive group (€11,985). Costs of 
revascularization were the main determinant of the cost difference between the two groups. 
The incremental cost-effectiveness ratio of the extra costs per prevented cardiac event was 
minus €89,477. 

Conclusions 

The overall results of the ICTUS study showed that an early invasive strategy was not superior 
to a selective invasive strategy for patients with non-ST-segment elevation acute coronary 
syndrome and an elevated cardiac troponin T. This economic analysis of the ICTUS study 
showed that an early invasive strategy was slightly more expensive during the first year 
without gain in prevented cardiac events. In fact, we demonstrated a very moderate prob-
ability of the early invasive strategy being cost-efficient, even at a high level of willingness-to-
pay. 
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Introduction 

Patients presenting with a non-ST-elevation acute coronary syndrome (nSTE-ACS) and an 
elevated cardiac troponin T are considered to be at high risk of suffering subsequent adverse 
cardiac events. There is a long standing debate concerning the treatment strategy in such 
patients and the associated costs: early invasive treatment (early angiography followed by 
revascularization, depending on angiographic findings) or a selective invasive strategy 
(angiography and subsequent revascularization only if medical therapy failed or severe 
ischemia was documented).1–3 A routine early invasive strategy was compared to a ’conserva-
tive’, ’ischemia driven’ or ’selective invasive’ strategy in 5 previous large randomized trials 
(TIMI-IIIb, FRISC-II, VANQWISH, TACTICS-TIMI 18, RITA 3).4–8 and summarized in a recent meta-
analysis.3 An early invasive strategy was shown to be beneficial in the FRISC-II, the TACTICS-
TIMI 18 and the RITA 3 study. The cost-effectiveness analysis of the FRISC-II showed signifi-
cantly higher costs in the invasively treated patients than in the noninvasively treated pa-
tients, mainly due to the difference in number of interventions, hospitalizations and 
diagnostic procedures.9 The cost analysis of TACTICS-TIMI 18 showed a similar result.10 
In the ICTUS (Invasive versus Conservative Treatment in Unstable coronary Syndromes) trial11, 
an early invasive treatment was compared to a selective invasive strategy against a back-
ground of optimal medical therapy in patients with nSTE-ACS and an elevated cardiac tro-
ponin T. The ICTUS study showed no reduction of the composite endpoint of death, 
myocardial infarction (MI) or rehospitalization for angina with an early invasive strategy. The 
present study was performed alongside the ICTUS trial and describes the cost-effectiveness 
of the early invasive strategy against the selective invasive strategy as its best alternative. The 
analysis was performed from a provider perspective taking into account the events and 
associated costs during the first year. 
 
Methods 

Patient population and protocol 
The methods and results of the ICTUS trial (ISRCTN82153174) have been described previ-
ously.11 Briefly, we studied 1200 patients in a randomized study to compare an early invasive 
treatment to a selective invasive treatment strategy in patients with nSTE-ACS and an ele-
vated cardiac troponin T. Patients were eligible for inclusion when they presented with chest 
pain within 24 h, had an elevated cardiac troponin T and had either ischemic electrocardio-
graphic changes or a documented history of coronary artery disease. All patients were 
randomized to an early invasive or a selective invasive treatment strategy. The early invasive 
treatment strategy included coronary angiography (CAG) within 24–48 h, percutaneous 
coronary intervention (PCI) within 48 h or coronary artery bypass grafting (CABG) as soon as 
possible in case of suitable coronary anatomy. The selective invasive strategy included 
medical stabilization and angiography and revascularization only in case of refractory angina 
or ischemia on predischarge exercise testing. Background therapy included aspirin, enoxa-
parin for at least 48 h, β-blockers, nitrates, clopidogrel, highly dosed statin therapy, and 
abciximab at the time of PCI. All revascularization procedures were performed in 12 high-



Chapter 7 100 

volume centers. The combined endpoint was the composite of death, MI, or rehospitalization 
for angina at 1 year.  
 
Summary of principal ICTUS clinical outcomes 
A total of 604 patients were randomized to the early invasive strategy and 596 patients to the 
selective invasive strategy. Within 1 year, 79% of the patients in the early invasive strategy 
group had undergone revascularization, as compared to 54% in the selective invasive strat-
egy group. Table 1 shows the principal clinical outcome of the 2 study groups. Fifteen pa-
tients in each group died during 1 year. There were statistically significantly more MIs and 
less rehospitalizations for angina in the early invasive group as compared to the selective 
invasive group. There was no difference between the two groups in the primary endpoint 
death, MI or rehospitalization. 
 
Table 1. Clinical outcomes at 1 year. 

Outcome 
Early invasive 

strategy (n=604) 

Selective invasive 

strategy (n=596) 

Relative risk 

(95% CI) 
p value 

  No. Rate (%)  No. Rate (%)    

Death  15 2.5  15 2.5  0.99 (0.49–2.00) 0.97 

Myocardial infarction  90 15.0  59 10.0  1.50 (1.10–2.04) 0.005 

Rehospitalization for anginal symptoms  44 7.4  64 10.9  0.68 (0.47–0.98) 0.04 

Death, myocardial infarction or  

rehospitalization for anginal symptoms 

 137 22.7  126 21.2  1.07 (0.87–1.33) 0.33 

Extracted from the article of de Winter et al. (2005).11 
 
Design of economic study 
Based on a provider perspective, we performed a prospective cost-effectiveness analysis of 
early invasive treatment against selective invasive treatment alongside the ICTUS trial.  
 
Volumes of used health care resources 
Major use of health care resources from randomization until 1-year follow-up was principally 
gathered from the study database, which contained the information from the case report 
form and from the hospital information systems. Source verification was performed by an 
independent monitor. The left column of Table 2 shows the collected volumes. All CAGs, PCIs 
with stent, PCIs without stent, CABGs, and reoperation after CABG during 1-year follow-up 
were taken into account. The use of abciximab was recorded separately. Medical transporta-
tion with ambulance services between the referring hospital and the PCI centre was counted. 
The numbers of days of all cardiovascular hospital admissions from randomization until 
1-year follow-up were recorded. All calendar days on coronary care unit or general ward were 
counted as hospitalization days. The first 3 days after CABG were taken as stay on the inten-
sive care unit (ICU). The number of echocardiograms, myocardial perfusion scintigrams and 
exercise tests performed during initial hospitalization were gathered from the case report 
form. Medication use was taken into account from discharge of initial hospitalization until 1 
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year. The use of statins, aspirin, β-blockers, calcium antagonists, long active nitrate and ACE 
inhibitors was counted in standardized monthly units and recorded in the case report form at 
1, 6 and 12 months. If medication had been terminated between 2 follow-up contacts, half of 
the number of months between these visits was considered on medication, the other half off 
medication. All medications were considered to have been given at a standard dosage. We 
assumed that all patients used clopidogrel for 1 month after every PCI; patients who reported 
clopidogrel use at 1, 6 and 12 months were assumed to have taken clopidogrel for 1 year. 
Outpatient care and productivity losses were not taken into account. 
 

Table 2. Prices used to value resource use. 

Resource Price (€) Source 

Coronary procedures  – Dutch Manual for costing12 
– Academic Medical Hospital ledger 2004  

    (calculated by the economic department) 

Coronary angiography without intervention (per procedure) 1,213  

PCI with stent (per procedure) 5,045  

PCI without stent (per procedure) 3,529  

CABG (per procedure) 8,151  

Re-operation after CABG (per procedure) 3,477  

Abciximab (per treatment procedure) 963  

Interhospital transportation (round trip) 403  

   

Hospitalizations (per day)  – Dutch Manual for costing12 
Coronary care unit/general ward 346  

Intensive care unit 1,598  

   

Diagnostic procedures (per procedure)  – Dutch Manual for costing12 
– Academic Medical Hospital ledger 2004  

    (calculated by the economic department) 

Exercise test 98  

Myocardial perfusion scintigram 648  

Echocardiogram 222  

   

Pharmaceuticals (per month)  – Dutch Manual for costing12 
Statins 65  

Clopidogrel 49  

Aspirin 2  

β-blockers 4  

Calcium antagonist 9  

Long-acting nitrate 14  

ACE inhibitors 7  

PCI = percutaneous coronary intervention; CABG = coronary artery bypass grafting. 

 



Chapter 7 102 

Unit costs 
All unit costs are shown in Table 2. Unit costs were expressed in euro’s and adjusted for the 
year 2001, using the yearly price index numbers of to the Dutch Central Bureau of Statistics.12 
With a follow-up period of 1 year or less, unit costs were not discounted. 
Unit costs of CAG, PCI, and CABG were calculated from the 2004 financial accounts of the 
Academic Medical Center, taking account of the average input of personnel, use of materials, 
writing-off of equipment and medication. Overhead costs of e.g. depreciation of buildings 
and equipment, capital costs and departmental administration were added in 2 steps: first, 
by direct cost allocation to each patient–care-related department, and second, pro rata of its 
direct unit costs, to the procedures. 
The costs of angiography in the same session as PCI were included in the unit cost of PCI. All 
angiographic sessions without PCI in the same session, were counted as CAG without inter-
vention. The cost of one treatment of abciximab during PCI was €963, being the equivalent of 
the list price for three 10 mg vials. Unit costs for inter-hospital transportation were calculated 
using prices for non-urgent ambulance transportation according to the Dutch costing guide-
line12 on a round trip basis. 
The unit costs of a single hospital day (coronary care unit or general ward) and the unit cost 
of a day at the ICU were calculated on the basis of the average costs of an inpatient hospital 
day according to the Dutch costing guideline for health care research.12 Hospital day unit 
costs included the costs of physician care, nursing, materials, medication, equipment, hous-
ing and other overhead costs. Unit costs of diagnostic procedures were calculated from the 
financial accounts of the Academic Medical Center of the year 2004, similar to calculating the 
unit costs for PCI. 
The unit costs of pharmacological treatment during follow-up were based on official list 
prices.13 We calculated the 1-month unit cost of statin treatment as a weighted average of the 
1-month unit costs of the 4 brands mostly used in the Netherlands. The weights were propor-
tional to the volumes of the various brands and dosages at the 1-month follow-up visit. For 
other medications, we used the costs of the most commonly used brand within a medication 
group, e.g. Monocedocard for the group of long-active nitrates.  
 
Costs 
Costs were calculated as the summed product of volumes of resources used and their respec-
tive unit costs. The cost analysis was based on used health care resources from randomiza-
tion until 1-year follow-up or until death within 1 year. 
 
Analysis 
All analyses were performed according to the intention-to-treat principle. Volume and costs 
data for 1 year after randomization were averaged per patient. Following current consensus 
among health economists to perform a cost-effectiveness analysis rather than a cost-
minimization analysis in absence of demonstrated superiority among treatment alternatives 
(Briggs and O'Brien)14, the incremental costs per prevented cardiac event were estimated for 
early invasive treatment against selective invasive treatment and was calculated as difference 
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in costs divided by difference in prevented cardiac events. Because of skewed (costs) distribu-
tions, we assessed group contrasts by calculating 95% confidence intervals (CIs) for the mean 
differences following bias-corrected and accelerated nonparametric bootstrapping, drawing 
25,000 samples of the same size as the original sample separately for each group and with 
replacement.15 Sensitivity analyses were performed for different levels of unit costs of health 
care resources that contributed most to the total costs difference between the early and 
selective invasive treatment strategies. Results are graphically presented by the cost-
effectiveness plane16 and by the cost-effectiveness acceptability curve17 for willingness-to-
pay values up to €80,000. 
 
Results 

Baseline characteristics 
Baseline characteristics and clinical outcome of the ICTUS trial have been reported previously 
in detail. In short: median age was 62 years (interquartile range from 55 to 71) and 73% were 
male. Diabetes mellitus was present in 14% of patients and hypertension in 39%. Baseline 
characteristics were well balanced between the two randomized groups.11 
 
Coronary procedures 
Table 3 shows that an early invasive strategy resulted in 9 more CAGs, 24 more PCIs and 4 
more CABGs per 100 patients, when compared to a selective invasive strategy. Thus, costs of 
coronary procedures were higher among patients randomized to an early invasive strategy 
(€1,925; 95% CI €1,427 to €2,406). 
 
Hospitalizations 
During the initial hospitalization a patient in the early invasive group spent a median of 6 
calendar days in hospital versus 7 for patients in the selective invasive treatment group. 
Over the full 1-year follow-up period, patients randomized to early invasive treatment spent 
1.7 days less in hospital than patients randomized to selective invasive treatment (13.4 days 
vs 15.1 days). The mean hospitalization costs for patients randomized to an early invasive 
treatment tended to be slightly lower (−€436; 95%CI −€1,039 to €174; Table 3). 
 
Diagnostic procedures 
The costs for diagnostic procedures for patients randomized to early invasive treatment were 
slightly lower (−€83; 95% CI −€101 to −€66; Table 3). 
 
Pharmaceuticals 
The total 1-year costs of pharmaceuticals seemed slightly lower for patients in the early 
invasive group (−€27; 95% CI −€57 to €4; Table 3). 
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Table 3. Volumes (mean) and costs (mean) per patient. 

Outcome 
Early invasive 

strategy (n=604) 

Selective invasive 

strategy (n=596) 

Cost difference 

(95% CI) (€) 

  Volume Costs (€)  Volume Costs (€)   

Coronary procedures         

Coronary angiography without intervention  0.72 870  0.63 769   

PCI with stent  0.61 3,082  0.41 2,091   

PCI without stent  0.11 386  0.07 243   

CABG  0.22 1,754  0.18 1,436   

Re-operation after CABG  0.02 53  0.01 34   

Abciximab  0.62 594  0.32 304   

Interhospital transportation  0.39 157  0.23 95   

All   6,897   4,971  1,925 (1,427 to 2,406) 

         

Hospitalizations (volumes in days)         

Coronary care unit/general ward  12.73 4,409  14.58 5,051   

Intensive care unit  0.63 1,002  0.50 796   

All   5,411   5,847  −436 (−1,039 to 174) 

         

Diagnostic procedures         

Exercise test  0.25 24  0.70 69   

Myocardial perfusion scintigram  0.01 10  0.03 21   

Echocardiogram  0.67 148  0.79 175   

All   182   265  −83 (−101 to −66) 

         

Pharmaceuticals (volume in months)         

Statins  10.77 697  10.97 710   

Clopidogrel  1.10 54  0.99 48   

Aspirin  10.50 17  10.49 17   

β-blockers  9.19 39  9.46 40   

Calcium antagonist  1.93 17  2.74 23   

Long-acting nitrate  1.68 24  2.46 35   

ACE inhibitors  3.62 27  3.62 27   

All   874   901  −27 (−57 to 4) 

         

Total   13,364   11,985  1,379 (416 to 2,356) 

PCI = percutaneous coronary intervention; CABG = coronary artery bypass grafting. 
 
Total volumes and mean costs per patient 
The total costs were 11.5% higher (€1,379; 95% CI €416 to €2,356) among patients random-
ized to early invasive treatment (€13,364) than among those randomized to selective invasive 
treatment (€11,985; Table 3).  
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Incremental cost-effectiveness analysis 
The point-estimated incremental costs per prevented cardiac event amounted to minus 
€89,477 (cost difference divided by difference in prevented cardiac event) for early invasive 
treatment versus selective invasive treatment. The results from the bootstrapping procedure 
are presented in Figure 1, showing that 75% of the bootstraps generated higher costs and 
fewer cardiac events prevented in case of early invasive treatment. The corresponding cost-
effectiveness acceptability curve (Figure 2) showed that the probability of the early invasive 
strategy being more efficient was very moderate even at a high level of willingness-to-pay to 
prevent a cardiac event. 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 

Figure 1. Cost-effectiveness plane with effects and cost differences of an early invasive versus selective invasive strategy. 

 
Sensitivity analysis 
We are aware that cost levels in different countries can vary. Thus, we provide a cost-
effectiveness sensitivity analysis in which we vary different unit cost levels. 
We simulated a worst case scenario to test the impact of the calculated unit cost levels at the 
cost-effectiveness. We decreased the unit cost levels of CAG, PCI with and without stent, 
CABG and re-operation after CABG by 50% and increased costs of hospital admissions by 50%. 
This resulted in a probability of early invasive strategy being cost-effective of 18% at a will-
ingness-to-pay level of €50,000 (compared to 6% in Figure 2). 
We applied the unit costs of the FRISC-II trial9 for CAG, PCI, CABG, hospitalizations, exercise 
test and echocardiogram. The probability of an early invasive strategy being cost-effective 
would be 4.4% at a willingness-to-pay level of €50,000. 
To adapt our analysis to the USA cost level, we increased the unit costs of coronary proce-
dures and hospitalizations with 50%. With USA level of costs, the probability of an early 
invasive strategy being cost-effective would be 4% at a willingness-to-pay level of €50,000. 
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We also tested the impact of our assumption that only the first 3 inpatient days following 
CABG were to be considered as ICU days. If CABG patients would have stayed at the ICU for 
only 1 day (instead of 3) the point-estimated incremental costs per prevented cardiac event 
amounted to minus €82,470 (cost difference divided by difference in prevented cardiac event) 
for early invasive treatment versus selective invasive treatment. 
 

Figure 2. Cost-effectiveness acceptability curve, showing the probability of an early invasive strategy being cost-effective for 

different levels of willingness-to-pay. 

 
Discussion 

The ICTUS trial failed to show superiority of an early invasive strategy over a selective invasive 
strategy for patients with nSTE-ACS. The increase in MIs in early invasive strategy patients 
was offset by an increase in rehospitalization in the selective invasive group. The clinical 
result of the ICTUS trial showed that 17.2% of patients in the early invasive strategy and 
11.9% of patients in the selective invasive strategy reached the combined endpoint death or 
MI within 1 year. In this concomitant cost-effectiveness analysis of the treatment for patients 
with nSTE-ACS with positive troponin T, the early invasive approach was more expensive 
than the selective invasive approach. Cost of coronary procedures was the main determinant 
of the cost difference between the 2 groups. The cost difference of coronary procedures was 
not offset by the cost difference due to hospitalization days; this difference was much smaller 
than that of revascularization. Thus, an early invasive treatment was slightly more expensive 
during the first year without gain in prevented cardiac events. Furthermore, the incremental 
cost-effectiveness analysis, relating the difference in total costs to the number of prevented 
cardiac events of both treatments, demonstrated a very moderate probability of the early 
invasive strategy being efficient, even at a high level of willingness-to-pay. 
The cost-effectiveness study of the FRISC-II trial9 showed a comparable difference in costs 
(13%) as the present cost analysis (11.5%). The FRISC-II trial though showed superiority for an 
early invasive strategy over a selective invasive strategy.5 The unit costs of coronary proce-
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dures and hospitalizations, however, were European prices and therefore comparable to the 
costs in our analysis (e.g. PCI with stent €5,419, thoracic surgery ICU €2,090, cardiology ward 
€349). Although the ICTUS trial showed a lower event rate than FRISC-II trial in both groups, 
the early invasive strategy in the ICTUS trial showed less hospitalization days than the FRISC-II 
trial. One of the explanations is the lower number of CABG procedures in the early invasive 
treatment group in the ICTUS trial (22%), compared to this group in the FRISC-II trial (37%), 
reflecting present day clinical practice. 
The TACTICS-TIMI 18 cost analysis with 6 months follow-up10 also showed that an early 
invasive strategy was more expensive than a non-invasive strategy. The average 6 month 
costs, excluding the productivity costs, were $19,780 in the invasive group and $19,111 in the 
conservative group. The TACTICS-TIMI 18 trial showed, similar to the FRISC-II trial, superiority 
for an early invasive strategy over a selective invasive strategy.7 
In all 3 studies an early invasive approach was more expensive than a selective invasive 
approach, but the clinical outcome in the ICTUS trial was qualitatively different to the FRISC-II 
trial and the TACTICS-TIMI 18 trial. This contrasting clinical outcome may be in part explained 
by the difference in revascularization rates during the initial hospitalization in the selective 
invasive control groups: 40% in ICTUS versus 9% in FRISC-II and 37% in TACTICS-TIMI 18. 
Another explanation would be the optimal use of medication in ICTUS, such as abciximab, 
early use of clopidogrel and intensive lipid-lowering therapy throughout the first year. It 
seems that, the median number of hospitalization days is relatively high compared to other 
studies: e.g. TACTICS-TIMI 18 trial10 shows 5 versus 6 median days per patient; early versus 
selective invasive. This difference can be explained by the patients in our study being all 
troponin T positive patients, as opposed to the TACTICS-TIMI 18 trial10 where only 56% and 
52% of the patients in the invasive versus conservative group were troponin T positive 
patients. 
There are potential study limitations that need be considered. First, one might argue that this 
cost analysis only applies to centers in the Netherlands. However, our cost calculations are in 
keeping with the FRISC-II trial that was performed in a European environment, e.g. cost of 
hospitalization day in our study was similar to the costs in the FRISC-II trial. Second, the costs 
of statin seem rather high compared to the costs of clopidogrel, but this was due to the 
recommended aggressive lipid-lowering therapy18 in the ICTUS study11; e.g. atorvastatine was 
used 80 mg daily. Third, for practical reasons, our study was designed from a provider per-
spective and therefore outpatient visits were not recorded. One can only speculate about the 
distribution of outpatient visits in our study. Probably, the selective invasive treatment group, 
which shows a higher rehospitalization rate, might also have had more outpatient visits. 
TACTICS-TIMI 1810 did not report the number of outpatient visits. The FRISC-II cost-
effectiveness study9 showed a slightly higher number of outpatient visits in the conservative 
group and a lower number of hospitalizations in the early invasive treatment group. It is 
possible that costs of outpatient visits will reduce the difference in costs between the ran-
domization groups. Fourth, early invasive management and early discharge may reduce 
productivity losses in patients that are part of the working force and this may outbalance 
increased health care costs. These data were not collected from the ICTUS study. Fifth, one 
might dispute the chosen assumptions regarding the counts of volumes and calculations of 
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unit costs. In absence of localization data we assumed that 3 days after CABG were consid-
ered to be ICU days, and all other in-hospital days were counted as general ward days. The 
assumption of 3 days ICU after CABG was an average number of ICU days, based on the 
cardiothoracic surgery database in our institution. 
 
Conclusions 

The present analysis shows that in the treatment of patients with non-ST-segment elevation 
acute coronary syndrome and an elevated cardiac troponin T, an early invasive was slightly 
more expensive during the first year without a gain in prevented cardiac events. In fact, we 
demonstrated a very moderate probability of the early invasive strategy being cost-efficient, 
even at a high level of willingness-to-pay. 
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Abstract 

Background 

Data remain limited regarding the comparative long-term mortality across the spectrum of 
patients with different indications for percutaneous coronary intervention (PCI). We evalu-
ated early and late mortality in patients with ST-segment elevation myocardial infarction 
(STEMI) treated with primary PCI compared with early and late mortality in patients under-
going PCI for unstable angina (UA) or non-STEMI (NSTEMI) and stable angina. 

Methods 

A total of 10,549 consecutive patients undergoing PCI from 1997 to 2005 at a single institu-
tion were followed up prospectively (median 3.2 years, interquartile range 1.5–5.6) to assess 
all-cause mortality. The indication for PCI was STEMI in 28%, UA/NSTEMI in 32%, and stable 
angina in 40%. 

Results 

The mortality rate at 6 years was 18.9% in patients with STEMI, 16.2% in patients with 
UA/NSTEMI, and 11.7% in those with stable angina. During the initial 6 months, patients with 
STEMI had an increased risk of death compared with patients with UA/NSTEMI (relative risk 
(RR) 3.09, 95% confidence interval (CI) 2.46–3.89) and stable angina (RR 5.82, 95% CI 4.45–
7.62). However, between 6 months and 6 years, mortality accrued at an almost similar rate 
among patients with STEMI and those with stable angina (RR 1.06, 95% CI 0.86–1.32) and 
mortality was greatest in patients with UA/NSTEMI (UA/NSTEMI vs stable angina: RR 1.33, 
95% CI 1.11–1.58; STEMI vs UA/NSTEMI: RR 0.80, 95% CI 0.65–0.99). 

Conclusion 

We have demonstrated that the inferior survival rates in patients with STEMI after primary PCI 
are mainly attributed to greater mortality in the first months after the event. These observa-
tions highlight that new adjunctive therapeutic strategies should aim at mortality reduction 
in the first months after primary PCI. 
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Introduction 

Despite previous research examining the short- and long-term outcomes of patients with 
coronary artery disease, contemporary data remain limited regarding mortality across the 
spectrum of patients with different indications for percutaneous coronary intervention (PCI) 
in a ‘real-life’ setting. During the past decades, many randomized studies have been con-
ducted to assess the effect of various refinements in medical treatment and technology on 
morbidity and mortality in subgroups of patients with coronary artery disease.1 Several large 
registries have been compiled to determine the effect of these changes in therapy on out-
come and to develop risk scores to predict short-term mortality in patients undergoing PCI in 
daily clinical practice.2–5 However, the differences in early and, especially, late mortality 
between subgroups of patients with coronary artery disease remain relatively unknown. 
Therefore, we evaluated early and late mortality over time in patients treated by PCI for 
ST-elevation myocardial infarction (STEMI), unstable angina (UA) or non-STEMI (NSTEMI), and 
for stable angina in an all-comer (‘real world’) population. 
 
Methods 

All patients undergoing PCI at the Academic Medical Center, a high-volume tertiary medical 
center in the Netherlands, were prospectively followed up. At PCI, the patient-specific data 
were entered into an electronic database by qualified catheterization laboratory personnel 
and interventional cardiologists and included clinical (i.e., gender, age, risk factors, and 
cardiac history), angiographic, and procedural information (i.e., stent implantation). 
Our present study included all patients in the Academic Medical Center who had undergone 
PCI for STEMI, UA/NSTEMI, or stable angina from January 1, 1997 to December 31, 2005. 
Patients treated with rescue PCI for failed thrombolysis in STEMI were excluded (n=130). For 
patients who underwent >1 percutaneous revascularization procedure during the study 
period, only the first intervention was included in the analysis. During the study period, 
10,635 unique patients underwent ≥1 PCI at our catheterization laboratory. 
The study patients were stratified into 3 groups according to the indication for revascu-
larization: primary PCI for STEMI, UA/NSTEMI, and stable angina. Primary PCI was indicated if 
patients showed symptoms of acute myocardial infarction lasting ≥30 minutes, accompanied 
by an electrocardiogram with ST-segment elevation ≥1 mm (0.1 mV) in ≥2 contiguous leads. 
The UA/NSTEMI group consisted of patients with new-onset angina, angina at rest, angina of 
increasing frequency or intensity, postinfarction angina, and NSTEMI. The stable angina 
group consisted of patients with documented coronary artery disease and stable angina.  
PCI was performed using standard techniques. All patients were treated with heparin and 
aspirin before PCI. All procedural decisions, including device selection and adjunctive phar-
macotherapy, such as glycoprotein IIb/IIIa inhibitors, were made at the discretion of the 
operator. If a coronary stent was implanted, ticlopidine or clopidigrel was prescribed for 
≥1 month to patients with a bare metal stent and for ≥6 months to patients with a drug-
eluting stent. 
For the present analysis, the primary outcome of interest was all-cause mortality after the 
index procedure. We obtained information on the 1-year vital status from the institutional 
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follow-up database of PCI patients. Patients were surveyed 1 year after PCI using a mailed, 
self-administered questionnaire. Information on mortality was synchronized with the com-
puterized records from the national population registry (Dutch Central Bureau of Statistics) 
and was verified until January 1, 2006. We reviewed the outpatient files and contacted 
general practitioners by telephone in the case of conflicting or missing data. 
Continuous variables are presented as the mean±SD, and discrete variables are summarized 
as the frequency (%). The baseline characteristics among the STEMI, UA/NSTEMI, and stable 
angina groups were compared using the Kruskal–Wallis test for continuous variables and the 
chi-square test for discrete variables. Cumulative event rates of all-cause mortality were 
estimated using the Kaplan–Meier method. Pair wise comparisons were made among the 
3 groups stratified by the indication for PCI (STEMI, UA/NSTEMI, and stable angina). A ‘land-
mark analysis’ with a prespecified landmark set at 6 months was used to provide separate 
descriptions of the early and late relative risks (RRs) of mortality. The 95% confidence interval 
(CI) for the RR was calculated using standard errors from the Kaplan–Meier curve. The annual 
mortality rates were estimated using the actuarial life table method. 
Cox proportional hazards regression analyses were performed to correct for other baseline 
characteristics. First, we corrected only for age and gender differences, and second, we 
corrected for all baseline characteristics listed in Table 1 (except for body mass index and the 
variable hemodynamically unstable because of missing data). The models were then refitted 
with the indication for PCI as a stratification variable, and the adjusted cumulative event rates 
were estimated. Proportional hazards assumptions were verified by graphic examination of 
the partial residuals for all covariates and by testing the significance of the interaction be-
tween each covariate and time. For continuous variables, the linearity of the log hazard ratio 
was verified. For all tests, the reported p values are 2-sided and were considered significant if 
p<0.05. All analyses were performed using the Statistical Package for Social Sciences software 
package, version 16.0 (SPSS, Chicago, Illinois). 
 
Results 

From January 1997 to December 2005, 10,635 consecutive and unique patients underwent 
PCI at our institution. Follow-up data were missing for 86 patients (0.8%); therefore, 10,549 
patients were included in the present study. Considering the first PCI in the study period, 
2,964 patients (28%) underwent primary PCI for STEMI, 3,403 (32%) for UA/NSTEMI, and 4,182 
(40%) for stable angina. 
The baseline, angiographic, and procedural characteristics stratified by the indication for PCI 
are summarized in Table 1. The mean age was 62±12 years, and 29% were women. When 
stratified by subgroup, patients with STEMI had a lower prevalence of diabetes mellitus and 
hypertension and a less-frequent history of myocardial infarction, coronary artery bypass 
grafting, and PCI compared with patients with UA/NSTEMI or stable angina. With regard to 
the angiographic and procedural characteristics, patients with STEMI more often had single 
vessel disease and fewer lesions were treated. In almost half of the patients, the left anterior 
descending coronary artery was treated and more than 3 quarters had a type B2 or C lesion. 
 



Long-term mortality after PCI 117 

Table 1. Baseline, angiographic and procedural characteristics stratified by indication of PCI. 

Characteristic  Indication for PCI   

  
STEMI 

(n=2964) 

UA/NSTEMI 

(n=3403) 

Stable angina 

(n=4182) 
 p value* 

Age (years)  60.6 ± 13.2 62.9 ± 11.8 62.4 ± 10.9  <0.0001 

Body mass index (kg/m2)†  26.5 ± 3.9 26.7 ± 3.9 27.0 ± 3.8  <0.0001 

Female sex  815 (27%) 1056 (31%) 1146 (27%)  0.001 

Current smoker  1385 (47%) 1241 (36%) 1239 (30%)  <0.0001 

Diabetes mellitus  330 (11%) 579 (17%) 693 (17%)  <0.0001 

Hypertension  897 (30%) 1358 (40%) 1792 (43%)  <0.0001 

Known hypercholesterolemia  656 (22%) 1628 (48%) 2479 (59%)  <0.0001 

Previous myocardial infarction  359 (12%) 1799 (53%) 1506 (36%)  <0.0001 

Previous coronary bypass  43 (1%) 246 (7%) 297 (7%)  <0.0001 

Previous PCI  136 (5%) 358 (11%) 489 (12%)  <0.0001 

Intra-aortic balloon pump  269 (9%) 25 (0.7%) 9 (0.2%)  <0.0001 

Hemodynamic unstable‡  271 (9%) – –  <0.0001 

Glycoprotein IIb/IIIa inhibitors  823 (28%) 464 (14%) 250 (6%)  <0.0001 

No. of narrowed coronary arteries§      <0.0001 

     1  1708 (58%) 1692 (50%) 2099 (50%)   

     2  773 (26%) 1094 (32%) 1467 (35%)   

     3 and/or left main  483 (16%) 617 (18%) 616 (15%)   

No. of narrowings attempted      <0.0001 

     1  2483 (84%) 2309 (68%) 2671 (64%)   

     2  421 (14%) 825 (24%) 1141 (27%)   

     ≥3  60 (2%) 269 (8%) 370 (9%)   

Stent used  2309 (78%) 2550 (75%) 3064 (73%)  <0.0001 

     At least 1 drug-eluting stent  28 (1%) 210 (8%) 351 (11%)  <0.0001 

Coronary vessel treated       

     Left anterior descending  1373 (46%) 1710 (50%) 1991 (48%)  0.005 

     Left circumflex  430 (15%) 936 (28%) 1274 (30%)  <0.0001 

     Right  1166 (39%) 1021 (30%) 1416 (34%)  <0.0001 

     Left main  28 (1%) 85 (2%) 78 (2%)  <0.0001 

     Graft  26 (1%) 131 (4%) 101 (2%)  <0.0001 

Lesion type¶      <0.0001 

     A  18 (1%) 78 (2%) 134 (3%)   

     B1  122 (4%) 676 (20%) 854 (21%)   

     B2  1863 (64%) 1730 (52%) 1774 (43%)   

     C   925 (32%) 873 (26%) 1321 (32%)   

Data are presented as mean±SD or numbers (%). *p values across all 3 groups; †Data were available for 9815 patients; 

‡Data were not available for patients who underwent PCI for UA/NSTEMI or stable angina; §Number of narrowed coronary 

arteries was defined by the number of native coronary arteries with luminal diameter stenosis ≥50%; ¶Worst lesion to be 

attempted (data for lesion type were available for 10.368 patients).  
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Figure 1. (Top) Unadjusted survival rates up to 6 years from PCI, stratified by indication. (Bottom) Survival rates during and 

after first 6 months. 

 
Of the 10,549 patients, 1,086 died during the median follow-up of 3.2 years (interquartile 
range 1.5–5.6). Unadjusted Kaplan–Meier survival curves up to 6 years after PCI are shown in 
Figure 1. At 6 years, the estimated event rate of death was 18.9% for patients with STEMI, 
16.2% for patients with UA/NSTEMI, and 11.7% for patients with stable angina. During the 
initial 6 months after the index event, a clear, increased risk of death was found for patients 
with STEMI compared with those with UA/NSTEMI (RR 3.09, 95% CI 2.46–3.89) or stable 
angina (RR 5.82, 95% CI 4.45–7.62). This difference in mortality was mainly due to greater 
mortality in the first month after the event: 7.5% of patients with STEMI, 1.1% of those with 
UA/NSTEMI, and 0.4% for those with stable angina. 
However, in the landmark analysis of data from 6 months to 6 years, mortality accrued at a 
nearly similar rate among patients with STEMI compared with those with stable angina 
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(RR 1.06, 95% CI 0.86–1.32 at 6 years). The risk of death was greatest for patients with 
UA/NSTEMI (UA/NSTEMI vs stable angina: RR 1.33, 95% CI 1.11–1.58). Overall, the differences 
in mortality among the 3 groups from 6 months to 6 years remained relatively small, with an 
estimated event rate of 10.9% for patients with STEMI, 13.7% for those with unstable angina, 
and 10.3% for those with stable angina. Figure 2 shows the annual mortality derived from the 
life table survival analysis. After the first period, the mortality rate was 2% to 4% annually for 
all patients, regardless of the indication for PCI. 

Figure 2. Bar graph showing annual mortality in patients with PCI for STEMI, UA/NSTEMI, and stable angina. 

 
The age- and gender-adjusted Cox regression analysis showed similar results during the 
initial 6 months (Figure 3). However, after 6 months, a nonsignificant trend was found toward 
an increased risk of death for patients with STEMI compared with those with stable angina 
(RR 1.16, 95% CI 0.92–1.47), and the difference between STEMI and UA/NSTEMI was no longer 
present (RR 0.97, 95% CI 0.77–1.23). If we adjusted for all baseline variables, the results of the 
landmark analysis were comparable, and no difference among the 3 groups was present at 6 
years (RR 1.10, 95% CI 0.85–1.43 for STEMI vs stable angina; RR 1.05, 95% CI 0.81–1.37 for 
STEMI vs UA/NSTEMI; and RR 1.05, 95% CI 0.84–1.30 for UA/NSTEMI vs stable angina). 
To investigate the change in treatment over time in relation to mortality, the patients were 
divided into 2 groups according to the year in which PCI was performed (1997–2001 and 
2002–2005). In the patients with STEMI, a trend was found toward a decrease in 6-month 
mortality for patients treated in 2002 to 2005 compared with those treated in 1997 to 2001, 
with an age- and gender-adjusted RR of 0.79 (95% CI 0.61–1.02). In the UA/NSTEMI and stable 
angina groups, the RR at 6 months was 1.06 (95% CI 0.70–1.61) and 0.84 (95% CI 0.50–1.40), 
respectively. Thus, although reduced, the greater risk of death for patients with STEMI during 
the first months after PCI was persistent over time. With regard to the 6-month landmark 
analysis, the differences in mortality observed across the 3 groups were similar in 1997 to 
2001 to those observed in 2002 to 2005 (data not shown). 
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Figure 3. Age- and gender-adjusted survival rates, stratified by indication for PCI, during and after first 6 months. 

 
Discussion 

The present analysis of a large data set from a single institution evaluated early and late 
survival in unselected, consecutive patients undergoing PCI for different manifestations of 
coronary artery disease. The most important finding was that patients with STEMI had a 
greater risk of death during the first 6 months but thereafter had a similar survival up to 
6 years compared with patients with stable angina after PCI. In addition, although the un-
adjusted risk of death from 6 months to the end of follow-up was greatest for patients with 
UA/NSTEMI, after adjustment for baseline characteristics, no difference was found in late 
mortality among the patients with STEMI, UA/NSTEMI, or stable angina after PCI. These 
results imply that the greater mortality in patients with STEMI results from complications in 
the first few months of recovery. Despite the successful reduction of coronary artery disease 
mortality in the past decades,6,7 our results underscore the need for aggressive strategies to 
lower the early hazard associated with STEMI to further improve the survival rates. 
New treatment strategies, such as thrombolytic therapy and later primary PCI, have improved 
the mortality of patients with STEMI. Thrombolytic therapy has shown a clear mortality 
benefit compared with standard therapy during the initial hospitalization. However, no 
additional benefit could be found with respect to mortality up to 10 years in patients dis-
charged alive.8 Similarly, long-term follow-up from randomized studies and registries has 
shown that the benefit of primary PCI compared with thrombolytic therapy was almost 
exclusively derived from differences in the event rate during the first month after the initial 
hospitalization.9–11 These observations have demonstrated that several new treatments have 
effective influence on the acute event but cannot reverse the progression of atherosclerosis. 
Thus, it supports the approach to coronary artery disease as a chronic disease with acute 
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episodes. The long-term course of patients with coronary artery disease is more dependent 
on the complex nature of this disease and the secondary prevention of its consequences.10 
The follow-up data from most observational studies of patients with acute coronary syn-
dromes are limited to the in-hospital or 6-month mortality data. The present registry provides 
more insight into the long-term survival of patients with different indications for PCI. Follow-
up data were available for up to 6 years after PCI. The short-term prognosis of patients with 
UA/NSTEMI was favorable compared with that for patients with STEMI, although late mortal-
ity was increased in those with UA/NSTEMI. This difference in late survival can be explained 
by the differences in baseline characteristics between these patient groups. The patients with 
UA/NSTEMI were older and more often women. After adjustment for age and gender, mortal-
ity was similar between those with STEMI and those with UA/NSTEMI. The annual mortality 
rate was approximately 2% to 4% after the first year, irrespective of the indication for PCI. 
These rates are comparable to the 3-year results from the recently published Swedish Coro-
nary Angiography and Angioplasty Register (SCAAR) in which consecutive patients were 
included who underwent PCI with stent placement for STEMI or unstable or stable coronary 
artery disease.12 With regard to those with STEMI, these rates were similar to the data from 
the randomized PRimary Angioplasty in acute myocardial infarction patients from General 
community hospitals transported for percutaneous transluminal coronary angioplasty Units 
versus Emergency thrombolysis (PRAGUE)-2 trial10 and the study by Zijlstra et al11 comparing 
primary PCI and thrombolytic therapy and slightly lower than the 11-year results from the 
Global Utilization of Streptokinase and t-PA (tissue plasminogen activator) for Occluded 
coronary arteries (GUSTO)-I trial.13 Although our inclusion period was 9 years and ours was a 
single-institution registry, we believe that these mortality rates are representative for patients 
with coronary artery disease treated with PCI according to current practice. 
The 3 groups were compared in landmark analyses with an offset at 6 months after PCI to 
illustrate the differences in early and late survival among the 3 treatment groups. The deci-
sion to set the landmark at 6 months was derived from findings that sudden cardiac death 
predominantly occurs in the first months after acute myocardial infarction, along with other, 
nonarrhythmic causes of cardiovascular death.14 Second, the Kaplan–Meier survival curves 
derived from our data set revealed marked vector changes around 6 months in the STEMI 
and unstable angina groups, in accordance with the findings from other studies of acute 
coronary syndromes.10,12,13 
One limitation of the present study was that patients with coronary artery disease were only 
included if they had undergone PCI at our institution. Therefore, our results are not applica-
ble to all patients with stable angina or an acute coronary syndrome. This might be particu-
larly true for patients with UA/NSTEMI because the proportion that undergoes coronary 
catheterization and subsequent revascularization is lower than that with STEMI, even for 
those treated with an early invasive strategy.15 The study setting involved a single-center 
tertiary-care referral center, and this inevitably caused the selection of the included patients. 
Nevertheless, by including all patients treated at our catheterization laboratory, our registry 
was less encumbered by selection bias of clinical (randomized) trial data. Another limitation 
was the inclusion period of 9 years. Advances in technology, pharmacotherapy, and treat-
ment of patients could have influenced the long-term outcomes. However, all patients with 
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STEMI were treated by primary PCI, and additional advances would probably have led to 
even lower mortality and thus would not have affected our conclusions. Finally, information 
about ejection fraction and medical treatment of these patients was not available. Therefore, 
we do not have insight regarding the adherence to guideline-based therapies and could not 
assess the influence of medical therapy on long-term outcomes. 
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Abstract 

Background  

Cardiovascular magnetic resonance has been used to detect and quantify microvascular 
obstruction (MVO) in patients after acute MI but has never been compared with coronary 
blood flow velocity patterns. We studied the relation between presence and severity of MVO, 
measured by cardiovascular magnetic resonance (CMR) and intracoronary Doppler flow 
measurements, for assessment of myocardial reperfusion in patients with acute anterior 
myocardial infarction (MI) treated by primary percutaneous coronary intervention (PCI). 

Methods  

Twenty-seven patients with first anterior ST-segment elevation MI successfully treated with 
primary PCI were included. Coronary blood flow velocity was measured during recatheteriza-
tion 4 to 8 days after primary PCI. These measurements were related to MVO determined by 
late gadolinium-enhanced (LGE) CMR performed the day before recatheterization. 

Results  

Early systolic retrograde flow was observed in 0 of 8 patients without MVO on LGE CMR and 
in 10 (53%) of 19 patients with MVO (p=0.01). The extent of MVO correlated with the dia-
stolic-systolic velocity ratio (r=0.44; p=0.02), diastolic deceleration time (r=–0.61; p=0.001), 
diastolic deceleration rate (r=0.75; p<0.0001), and coronary flow velocity reserve of the 
infarct-related artery (r=–0.44; p=0.02). Furthermore, multivariate regression analyses, includ-
ing extent of MVO, infarct size, and transmural necrosis on LGE CMR, revealed that extent of 
MVO was the only independent factor related to early systolic retrograde flow and diastolic 
deceleration rate. 

Conclusion  

Assessment of microvascular injury by LGE CMR corresponds well to evaluation by intra-
coronary Doppler flow measurements. By means of CMR, quantification of myocardial func-
tion, infarct size, and microvascular injury can accurately be performed with a single 
noninvasive technique in patients with acute MI. 
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Introduction 

Survival and prognosis of patients with an acute myocardial infarction (MI) have improved 
substantially using therapies aiming at early and sustained reperfusion of the myocardium at 
risk.1 However, successful restoration of epicardial flow does not necessarily translate into 
optimal reperfusion at the myocardial tissue level, and may result in microvascular obstruc-
tion (MVO), also known as the ‘no-reflow’ phenomenon.2 Experimental and clinical studies 
have demonstrated that MVO is a common phenomenon and is associated with increased 
infarct size, reduced myocardial function, left ventricular (LV) remodeling, and worse clinical 
outcome.3–11 As a consequence, MVO has important prognostic significance in patients after 
acute MI. 
Earlier studies have suggested that both measurements of coronary blood flow velocity 
patterns12–15 and cardiovascular magnetic resonance (CMR) can be used to assess and quan-
tify microvascular injury in patients after acute MI.3,5,7 Characteristics of coronary blood flow 
velocity patterns that are associated with no-reflow are the presence of early systolic retro-
grade flow (SRF), rapid deceleration of diastolic flow, and reduced coronary flow velocity 
reserve (CFVR).12,15 Cardiovascular magnetic resonance allows direct visualization and quanti-
fication of microvascular injury with transmural extent using gadolinium-enhanced imaging, 
which corresponds to anatomically defined areas of no-reflow.3,5,16 To our knowledge, no data 
are available with respect to the relationship between both techniques in patients after acute 
MI. Therefore, the aim of the present study was to determine whether the presence and 
severity of microvascular injury determined by gadolinium-enhanced CMR was related to 
intracoronary Doppler flow measurements for assessment of myocardial reperfusion. 
 
Methods 

Patients and study protocol 
This study comprised 27 consecutive patients presenting with a first acute anterior 
ST-segment elevation MI. All patients were treated by successful primary percutaneous 
coronary intervention (PCI), defined as Thrombolysis In Myocardial Infarction (TIMI) flow 
grade ≥2 and stent implantation with a residual stenosis of <50%. Inclusion criteria were PCI 
within 12 h after onset of symptoms, >10-fold increase in serum creatine kinase-MB levels, 
and wall motion abnormalities in ≥3 segments observed on resting echocardiogram. Patients 
with a previous MI, 3-vessel disease, cardiogenic shock, (relative) contraindications for CMR, 
or significant comorbidities were excluded from the study. Patients were treated with aspirin, 
heparin, abciximab, clopidogrel, statins, β-blockers, and ACE inhibitors, according to Euro-
pean Society of Cardiology practice guidelines.17  
All patients underwent CMR and recatheterization for intracoronary flow measurements at 
least 48 h but within 8 days after primary PCI. All CMR studies were supervised and analyzed 
by 1 operator who was blinded to intracoronary flow measurements, and vice versa. 
The Institutional Review Boards of the Academic Medical Center and VU University Medical 
Center approved the protocol for study measurements. The study was conducted in accor-
dance with the Declaration of Helsinki. Written informed consent was obtained from each 
patient. 
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CMR protocol 
The CMR examination was performed on a 1.5-T clinical scanner (Sonata, Siemens, Erlangen, 
Germany) using electrocardiographic gating and a phased array cardiac receiver coil. Cine 
images were acquired to measure LV volumes. A steady-state free precession pulse sequence 
during repeated breath-holds of approximately 10 seconds, in multiple short axis views every 
10 mm covering the entire left ventricle. Typical in plane resolution was 1.6x1.9x6.0 mm3 
(repetition time/echo time = 3.2/1.6 ms, flip angle 60°, matrix 256x156, temporal resolution 
35 to 50 ms). 
The late gadolinium-enhanced (LGE) images were acquired to determine infarct size and 
MVO size and extent. A 2-dimensional segmented inversion recovery gradient-echo pulse 
sequence was used 12 to 15 min after administration of a gadolinium-based contrast agent 
(0.2 mmol/kg Dotarem, Guerbet, Roissy, France), with slice positions identical to the cine 
images. Typical in-plane resolution was 1.4x1.7x6.0 mm3 (repetition time/echo time = 9.6/4.4 
ms, flip angle 25°, triggering to every other heart beat). The inversion time was set to null the 
signal of viable myocardium and ranged from 240 to 300 ms. 
 
CMR data analysis and definitions 
All CMR data were analyzed on a separate workstation using dedicated software (Mass 
version 2006 beta, Medis, Leiden, the Netherlands). On all short-axis cine slices, the endocar-
dial and epicardial borders were outlined manually on end-diastolic and end-systolic images 
to measure LV volumes and calculate ejection fraction. Segmental LV function was deter-
mined by dividing each short-axis slice into 12 equiangular segments, starting at the poste-
rior septal insertion of the right ventricle. Systolic wall thickening was calculated as the 
difference between end-diastolic and end-systolic wall thickness divided by end-diastolic 
wall thickness. 
Infarct size and regions of MVO were determined on LGE images as previously described, 
using a standardized and pre-defined definition of hyperenhancement.11,18 In short, total 
infarct size was calculated by automatic summation of all slice volumes of hyperenhance-
ment (signal intensity >5 SD above the mean signal intensity of remote myocardium) and 
expressed as a percentage of LV mass. The extent of transmural necrosis was calculated in 
each patient and expressed as the sum of segments with >75% transmural hyperenhance-
ment as a percentage of the total number of segments scored. MVO was defined as hypoen-
hanced regions within the hyperenhanced infarcted area and was included in the calculation 
of total infarct size. The total size of MVO was calculated by summation of all slice volumes of 
hypoenhancement and expressed as a percentage of total LV mass. The extent of MVO was 
defined as the number of segments in which MVO was detected (irrespective of the absolute 
size of MVO in each segment) and expressed as a percentage of the total number of seg-
ments scored.  
For analysis of segmental myocardial function, segmental extent of transmural necrosis, and 
extent of MVO, the 2 most basal and 2 most distal slices were excluded, because segmental 
evaluation at these levels is not reliable, owing to the LV outflow tract and partial volume 
effect, respectively. It was ensured that the excluded basal slices for segmental analysis were 
not affected by infarct or MVO.  
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Recatheterization and Doppler flow measurements 
Cardiac catheterization was performed following routine procedures. A bolus of 0.1 mg 
nitroglycerin was administered before flow measurements. Intracoronary flow was measured 
with a 0.014 inch Doppler-tipped guidewire (FloWire, Volcano Corporation, Rancho Cordova, 
California) that was positioned distal to the previously implanted stent. After optimization of 
the Doppler signal, velocity recordings were obtained at rest and after induction of maximal 
hyperemia with an intracoronary bolus of 20 to 40 μg adenosine. Doppler measurements 
were repeated at least 3 times and recorded continuously on videotape (FloMap, Jomed, 
Rancho Cordova, California). Coronary flow was also measured in an angiographically normal 
reference artery (the left circumflex artery (n=25) unless there was >30% diameter stenosis, in 
which case the right coronary artery was used (n=2)). 
 
Analysis of Doppler flow measurements 
Doppler flow velocity spectra were analyzed offline to determine the following parameters: 
baseline average and maximum peak flow velocity, diastolic and systolic average peak flow 
velocity, diastolic-systolic flow velocity ratio, and diastolic deceleration time. The rate of 
decline in flow velocity in diastole was calculated as the diastolic deceleration rate (DDR). The 
SRF was defined as retrograde peak velocity ≥10 cm/s and duration of >60 ms, as previously 
described.12 Absolute CFVR was calculated as the ratio of hyperemic to baseline average peak 
flow velocity and the relative CFVR as the ratio of the absolute CFVR in the infarct-related 
vessel to the absolute CFVR in the reference artery.  
 
Statistical analysis 
Values are reported as mean±SD or median (25th–75th percentile) for continuous variables 
and as frequency with percentage for categorical variables. Dichotomous variables were 
compared with the Fisher exact test and continuous variables with the Mann–Whitney U test. 
Correlations between extent and size of MVO and Doppler flow parameters were calculated 
with simple linear regression analysis. To identify parameters independently associated with 
the extent and size of MVO determined by CMR, multivariable linear regression analysis with 
a forward selection procedure was used. Variables were entered if p<0.10. Multivariate 
logistic regression analysis was used to assess the relation between CMR parameters (extent 
or size of MVO, infarct size, and transmural necrosis) and the presence of SRF. Similar analysis 
was performed using multivariate linear regression for the relationship with DDR. All statisti-
cal tests were 2-tailed, and a p value of <0.05 was considered to be statistically significant. All 
calculations were generated by Statistical Package for Social Sciences software (SPSS 12.0 for 
Windows, SPSS, Chicago, Illinois). 
 
Results 

Patient characteristics 
Of the 27 patients included in the study (mean age 53±11 years), 23 were men (85%), 11 (41%) 
had hypercholesterolemia, 2 (7%) had diabetes mellitus, 7 (26%) had a history of hyperten-
sion, and 13 (48%) were smokers. Mean time from onset of symptoms to reperfusion was 
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203±123 min. After primary PCI, TIMI flow grade 2 was observed in 5 patients (19%) and TIMI 
flow grade 3 in the other 22 patients (81%).  
Patients underwent CMR and intracoronary flow measurements within 8 days after acute MI 
(4±1 days and 5±1 days, respectively). No CMR images or flow measurements were excluded 
from analysis because of insufficient quality. There was no clinical, electrocardiographic, or 
enzymatic evidence of reinfarction in any patient between primary PCI, CMR, and recatheteri-
zation. Before flow measurements, TIMI flow grade 3 was observed in all patients. 
  
Table 1. Clinical, angiographic, and CMR data of patients with or without early systolic retrograde flow on coronary flow 

velocity pattern. 

  
No SRF 

(n=17) 

SRF 

(n=10) 
p value 

Age (years)  52 ± 10 55 ± 13  0.29 

Men  16 (94%) 7 (70%)  0.13 

Time from symptom onset to PCI (min)  199 ± 142 211 ± 88  0.65 

Infarct location     1.00 

      Proximal LAD  7 (41%) 4 (40%)   

      Mid LAD  10 (59%) 6 (60%)   

Multivessel disease  2 (12%) 2 (20%)  0.61 

TIMI flow grade post-PCI      0.33 

      2  2 (12%) 3 (30%)   

      3  15 (88%) 7 (70%)   

Size of stent (mm)  3.5 ± 0.5 3.6 ± 0.4  0.50 

Length of stent (mm)  21 ± 7 22 ± 4  0.38 

Platelet glycoprotein IIb/IIIa inhibitors   10 (59%) 5 (50%)  0.71 

Peak CK-MB (μg/L)  465 ± 281 456 ± 177  0.80 

End-diastolic volume (mL/m2)  101.9 ± 14.2 101.9 ± 17.9  0.96 

End-systolic volume (mL/m2)  62.1 ± 11.6 62.0 ± 14.7  0.84 

Left ventricular ejection fraction (%)  39.3 ± 5.3 39.4 ± 9.2  0.84 

Systolic wall thickening in infarct area (%)  19.2 ± 10.4 17.1 ± 10.1  0.58 

Infarct size (% of left ventricle)  21.4 ± 5.6 25.9 ± 6.1  0.07 

Extent of transmural necrosis (% segments)  20.1 ± 7.9 29.2 ± 11.8  0.02 

MVO present on CMR  9 (53%) 10 (100%)  0.01 

Extent of MVO (% segments)  5.6 (0–12.8) 22.2 (12.5–28.0)  0.001 

Size of MVO (% of left ventricle)  0.21 (0–0.83) 3.08 (0.52–5.46)  0.003 

Values are expressed as n (%), mean±SD, or median (25th–75th percentiles). CK-MB = creatine kinase-myocardial band; 

CMR = cardiovascular magnetic resonance; LAD = left anterior descending coronary artery; MVO = microvascular obstruc-

tion; PCI = percutaneous coronary intervention; SRF = early systolic retrograde flow; TIMI = Thrombolysis In Myocardial 

Infarction. 
 
Early systolic retrograde flow 
SRF was detected in 10 of 27 patients (37%). No differences in clinical and angiographic 
findings were observed between patients with or without SRF (Table 1). MVO was present on 
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the LGE images in 9 patients (53%) without SRF and in all patients with SRF (p=0.01). Quanti-
fication of MVO showed that both extent and size of MVO were significantly higher in pa-
tients with SRF compared with patients without SRF (p=0.001 and p=0.003, respectively). 
Infarct size was slightly higher in the SRF group, though not statistically significantly 
(25.9±6.1% vs 21.4±5.6%; p=0.07), and SRF was associated with more extensive transmural 
necrosis (p=0.02). No differences were found in end-diastolic and end-systolic volumes, LV 
ejection fraction, and systolic wall thickening in the infarct area. Figure 1 shows examples of 
coronary blood flow velocity patterns and corresponding short-axis LGE images of patients 
with and without microvascular injury. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Examples of coronary flow velocity recordings and corresponding LGE images of patients without and with the 

presence of microvascular injury. The coronary flow velocity spectrum (A) of Patient #1 shows antegrade systolic flow without 

early systolic retrograde flow (SRF) and a normal diastolic deceleration time (DDT). A corresponding short-axis late gadolin-

ium-enhanced (LGE) image (B) shows transmurally infarcted myocardium (white arrows) in the anteroseptal wall without 

signs of microvascular injury. The flow velocity pattern (C) of Patient #2 demonstrates SRF followed by rapid deceleration of 

the diastolic flow, resulting in a high diastolic deceleration rate and short DDT. In the short-axis LGE image (D), the transmu-

rally infarcted myocardium (white arrows) was complicated by an important area with microvascular injury (black arrows). 

LAD = left anterior descending coronary artery. 

 
Late gadolinium-enhanced cardiovascular magnetic imaging 
Eight patients showed no presence of MVO on the LGE images, and the remaining patients 
(n=19) were divided into 2 subgroups according to the extent of MVO: patients with mild 
MVO (1% to 16% of the segments; n=10) and severe MVO (>16% of segments; n=9). Although 
differences between patients with and without presence of MVO were calculated, a subdivi-
sion in severity of MVO was used to show possible trends of different variables in relation to 
the extent of MVO. Subdivision was based on an arbitrary cutoff value. 
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Clinical, angiographic, and CMR data are presented in Table 2. Patients with MVO had larger 
infarct size and more transmurally infarcted segments. Doppler flow velocity data showed 
that the presence of MVO was associated with higher baseline maximum peak flow velocity, 
diastolic average peak flow velocity, and DDR; shorter diastolic deceleration time; and lower 
CFVR of the infarct-related artery (Table 3). Early systolic retrograde flow was observed in 0 of 
8 patients without MVO and in 10 (53%) of 19 patients with MVO (p=0.01). 
 
Table 2. Clinical, angiographic, and CMR data according to the presence and extent of MVO measured by CMR. 

  
No MVO 

(n=8) 

Mild MVO 

(n=10) 

Severe MVO 

(n=9) 
p value* 

Age (years)  49 ± 12 52 ± 11 59 ± 8  0.19 

Men  8 (100%) 8 (80%) 7 (78%)  0.29 

Time from symptom onset to PCI (min)  247 ± 199 150 ± 44 224 ± 79  0.60 

Infarct location      1.00 

      Proximal LAD  3 (37%) 4 (40%) 4 (44%)   

      Mid LAD  5 (63%) 6 (60%) 5 (56%)   

Multivessel disease  0 (0%) 3 (30%) 1 (11%)  0.29 

TIMI flow grade post-PCI       0.28 

      2  0 (0%) 3 (30%) 2 (22%)   

      3  8 (100%) 7 (70%) 7 (78%)   

Size of stent (mm)  3.6 ± 0.6 3.5 ± 0.4 3.6 ± 0.5  0.95 

Length of stent (mm)  24 ± 9 21 ± 4 21 ± 5  0.48 

Platelet glycoprotein IIb/IIIa inhibitors   4 (50%) 6 (60%) 5 (56%)  1.00 

Peak CK-MB (μg/L)  366 ± 302 504 ± 211 499 ± 224  0.07 

End-diastolic volume (mL/m2)  101.6 ± 14.3 104.7 ± 16.7 99.0 ± 15.8  0.96 

End-systolic volume (mL/m2)  61.0 ± 12.4 63.9 ± 14.2 60.9 ± 11.9  0.52 

Left ventricular ejection fraction (%)  40.3 ± 5.4 39.3 ± 6.5 38.4 ± 8.7  0.60 

Systolic wall thickening in infarct area (%)  18.3 ± 11.1 17.3 ± 10.7 19.7 ± 9.7  0.96 

Infarct size (% of left ventricle)  18.6 ± 5.2 22.7 ± 4.4 27.4 ± 5.7  0.01 

Extent of transmural necrosis (% segments)  16.9 ± 8.7 25.7 ± 7.3 26.9 ± 12.7  0.03 

Values are expressed as number (%) or mean±SD. Abbreviations as in Table 1. *Patients with MVO compared with 

patients without MVO. 
 
The extent of MVO correlated with diastolic-systolic flow velocity ratio (r=0.44, p=0.02), 
diastolic deceleration time (r=–0.61, p=0.001), DDR (r=0.75, p<0.0001; Figure 2), and CFVR of 
the infarct-related artery (r=–0.44, p=0.02). Similar relations were observed between the size 
of MVO and diastolic-systolic flow velocity ratio (r=0.46, p=0.01), diastolic deceleration time 
(r=–0.53, p=0.004), DDR (r=0.56, p=0.002), and CFVR (r=–0.36, p=0.07). There was no relation-
ship between relative CFVR and the extent or size of MVO (r=–0.12, p=0.54 and r=0.03, 
p=0.89, respectively). Stepwise multivariate linear regression analysis including Doppler flow 
parameters, identified SRF (β=7.23, SE=3.20, p=0.03), DDR (β=0.08, SE=0.02, p=0.003), and 
CFVR (β=–8.98, SE=4.18, p=0.04) as independent factors related to the extent of MVO deter-
mined by CMR (adjusted R2=0.64). For the relation with the size of MVO, only SRF (β=2.29, 
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SE=0.66, p=0.002) and CFVR (β=–1.83, SE=1.01, p=0.08) remained independent factors at 
multivariate stepwise regression analysis (adjusted R2=0.37). 
 
Table 3. Coronary flow velocity data and hemodynamics according to the presence and extent of MVO measured by CMR. 

  
No MVO 

(n=8) 

Mild MVO 

(n=10) 

Severe MVO 

(n=9) 
 p value* 

Heart rate (beats/min)  75 ± 13 75 ± 11 78 ± 9  0.85 

Systolic blood pressure (mmHg)  108 ± 17 109 ± 13 112 ± 23  0.73 

Diastolic blood pressure (mmHg)  69 ± 8 67 ± 5 66 ± 8  0.49 

Baseline infarct-related artery       

   APV (cm/s)  20.1 ± 2.6 29.8 ± 16.2 25.7 ± 6.8  0.08 

   Maximum peak flow velocity (cm/s)  35.6 ± 5.2 52.5 ± 24.8 56.2 ± 14.4  0.01 

   Diastolic APV (cm/s)  25.7 ± 3.5 38.8 ± 19.5 35.4 ± 8.5  0.04 

   Diastolic deceleration time (ms)  708 ± 262 575 ± 189 382 ± 142  0.03 

   Diastolic deceleration rate (cm/s2)  60 ± 34 100 ± 52 165 ± 71  0.004 

   Systolic APV (cm/s)  9.3 ± 3.1 12.7 ± 9.4 8.9 ± 5.1  0.87 

   No. of SRF  0 (0%) 4 (40%) 6 (67%)  0.01 

   Diastolic-systolic flow velocity ratio  3.0 ± 1.1 4.1 ± 2.2 5.2 ± 2.7  0.10 

CFVR infarct-related artery  2.0 ± 0.4 1.8 ± 0.3 1.6 ± 0.2  0.04 

CFVR reference vessel  2.8 ± 0.4 2.5 ± 0.5 2.4 ± 0.7  0.35 

Relative CFVR  0.75 ± 0.21 0.73 ± 0.13 0.71 ± 0.19  0.87 

Values are expressed as number (%) or mean±SD. *Patients with microvascular obstruction (MVO) compared with 

patients without MVO. APV = average peak flow velocity; CFVR = coronary flow velocity reserve. 

 

Figure 2. Relationship between diastolic deceleration rate and the extent of microvascular obstruction as measured by 

cardiovascular magnetic resonance (CMR). Patients with (open triangles) or without (solid triangles) early systolic retrograde 

flow (SRF) are separately indicated. 
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MVO, infarct size, and transmural necrosis in relation to SRF and DDR 
The extent of MVO by CMR was related to infarct size and extent of transmural necrosis 
(r=0.60; p=0.001, and r=0.51; p=0.007, respectively). The predictive values of the extent of 
MVO, infarct size, and transmural necrosis with respect to SRF and DDR were compared 
relative to each other by multivariate analyses. Multivariate regression analyses showed that 
the extent of MVO was the only independent factor related to both SRF and DDR (Tables 4 
and 5). Both the odds ratio and the regression coefficient of the extent of MVO did not 
substantially change when infarct size and transmural necrosis were added to the models. In 
fact, infarct size and extent of transmural necrosis were no longer associated with the flow 
parameters after adjusting for extent of MVO. Similar results were found regarding the size of 
MVO, but the relationship between MVO size and both SRF and DDR was not as strong as its 
extent (data not shown). 
 
Table 4. Uni- and multivariate logistic regression analysis for the relation between CMR parameters and the presence of early 

systolic retrograde flow. 

  
Extent of MVO 

(% segments) 

Infarct size 

(% of LV) 

Transmural necrosis 

(% segments) 
Chi-square 

  OR (95% CI) p value OR (95% CI) p value  OR (95% CI) p value  

Univariate  1.19 (1.05–1.35) 0.007 – –  – – 12.67 

Univariate  – – 1.17 (0.99–1.38) 0.07  – – 4.09 

Univariate  – – – –  1.11 (1.01–1.23) 0.04 5.58 

Multivariate  1.19 (1.01–1.39) 0.03 0.97 (0.78–1.21) 0.79  1.05 (0.94–1.17) 0.37 13.55 

CI = confidence interval; LV = left ventricle; MVO = microvascular obstruction; OR = odds ratio. 

 
Table 5. Uni- and multivariate linear regression analysis for the relation between CMR parameters and the diastolic decelera-

tion rate. 

  
Extent of MVO 

(% segments) 

Infarct size 

(% of LV) 

Transmural necrosis 

(% segments) 
R2 

  Beta (SE) p value Beta (SE) p value  Beta (SE) p value  

Univariate  4.63 (0.83)  <0.0001 – –  – – 0.56 

Univariate  – – 5.88 (1.92) 0.005  – – 0.27 

Univariate  – – – –  2.41 (1.23) 0.06 0.13 

Multivariate  4.30 (1.13) 0.001 1.43 (2.00) 0.48   –0.32 (1.09) 0.77 0.57 

MVO = microvascular obstruction; LV = left ventricle; SE = standard error. 
 
Discussion 

We investigated whether the extent and size of microvascular injury measured by LGE CMR 
was related to intracoronary Doppler flow velocity measurements in 27 patients with acute 
MI treated by primary PCI. Previous Doppler flow studies have established that SRF, rapid 
deceleration of the diastolic flow velocity, and reduced CFVR are typical findings of the no-
reflow phenomenon.12,13,19 In the present study, we showed that the extent and size of mi-
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crovascular injury as assessed by LGE CMR correlated well with these parameters. Further-
more, after adjusting for MVO (extent or size), infarct size and extent of transmural necrosis 
were no longer associated with SRF and DDR, and MVO remained the only factor independ-
ently related to these flow parameters. To our knowledge, this is the first study that directly 
compared both techniques in humans. 
Microvascular abnormalities are often present in myocardium exposed to prolonged ische-
mia, owing to a multitude of processes, including tissue edema, platelet plugging, neutrophil 
adhesion, myonecrosis, and intracapillary red blood cell stasis.20 This pathological process 
may be enhanced by reperfusion injury within the early stages after reperfusion therapy.21 
The Doppler flow characteristics of ‘no reflow’ have been established by direct comparison of 
flow patterns with perfusion deficits on myocardial contrast echocardiography. Iwakura et 
al.12 were the first to describe the association between the presence of SRF, a short diastolic 
deceleration time, and microvascular dysfunction. They suggested that those findings may 
be explained by an increase of microvascular impedance and a decrease of intramyocardial 
blood pool volume. Microvascular obstruction with subsequent high impedance results in 
the inability to squeeze blood forward into the venous circulation during systole, and conse-
quently blood will be pushed back into the epicardial coronary artery, reflected by SRF. 
Furthermore, the reduced intramyocardial blood pool, which fills rapidly during diastole, has 
been used to explain the rapid decline of diastolic velocity.12 The CFVR measures the func-
tional status of the distal microvascular bed and depends on multiple factors, including 
myocardial resistance, metabolic demands, neurohormonal activation, filling pressures, and 
vascular resistance of small and large coronary arteries.15,22 
In the present study, SRF was observed in only about one-half of the patients with MVO on 
LGE imaging. This percentage is similar to studies using myocardial contrast echocardio-
graphy.23 Early systolic retrograde flow will only appear in the epicardial coronary artery if 
there is a substantial amount of blood that is pushed back and reflects more severe mi-
crovascular injury.14 CMR is probably more sensitive in detecting MVO. To our knowledge, no 
data exist on which parameters have greater clinical relevance for identifying patients with 
worse functional and clinical outcome. 
The technique to visualize regions of microvascular damage with CMR has been validated in 
several experimental studies and corresponds to anatomically defined areas of ‘no re-
flow’.3,5,16 Regions of MVO in LGE CMR appear as hypoenhanced regions within the hyperen-
hanced infarcted area. In the area with microvascular damage, there is delayed contrast 
penetration owing to several factors, such as reduced functional capillary density, capillary 
compression and obstruction, and hemorrhage.2,24 Therefore, the signal intensity of these 
regions is not enhanced by the contrast agent and appears as dark zones initially, but slowly 
becomes hyperenhanced over time as well, due to wash-in by diffusion of the contrast agent 
from surrounding regions with intact microcirculation.16,25 Thus, timing of LGE image acquisi-
tion influences the incidence and extent of MVO as detected by CMR. We determined MVO 
on LGE images acquired 12 to 15 min after contrast injection. The optimal time point for 
determining MVO in relation to its predictive value on LV remodeling and functional recovery 
needs further investigation. 
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The present results suggest that the relationship between intracoronary flow parameters and 
the extent of MVO (% segments affected by microvascular damage) might be slightly closer 
than those parameters and the size of MVO (% myocardium with microvascular damage). It is 
conceivable that the coronary blood flow velocity measured in an epicardial vessel is influ-
enced more by a large proportion of the area at risk affected than by a small area with exten-
sive MVO. However, these results may also be influenced by different speeds of contrast 
diffusion in areas with microvascular injury between patients and by differences in timing of 
image acquisition after contrast administration. 
In line with the study of Bogaert et al.,26 we found a close relationship between MVO, infarct 
size, and infarct transmurality. After adjustment for MVO, infarct size and transmural necrosis 
were no longer associated with SRF and DDR. These findings suggest that the changes in 
coronary blood flow velocity patterns are specific for areas of microvascular damage within 
the infarct and do not merely reflect larger and more transmural infarctions associated with 
MVO. 
In this study, no relationship was observed between the time from symptom onset to PCI and 
the presence of MVO. Data from experimental studies suggest that the extent of microvascu-
lar injury worsened with longer durations of ischemia.20 However, other clinical studies also 
did not find this relationship in patients treated with primary PCI.4,26,27 Iwakura et al.4 showed 
that the development of the no-reflow phenomenon was related to severity of myocardial 
damage, the size of the area at risk, and the occlusion status of infarct-related artery. Proba-
bly other factors than time from symptom onset to reperfusion are predominant in the 
clinical setting. 
We performed CMR and recatheterization >48 h but within 8 days after primary PCI, because 
microvascular function and coronary flow may change, particularly in the first 48 h after 
revascularization.5,7 Experimental studies have shown that infarct size and the area of MVO 
increase in the first 48 h after reperfusion and stabilize between 2 and 9 days.3,5 On the other 
hand, Doppler flow studies with serial measurements of coronary flow observed an increase 
in CFVR, normalization of diastolic deceleration rate and time, and disappearance of SRF 
within 24 to 48 h after reperfusion in some of the patients, indicating recovery of myocardial 
microcirculation.5,19,23,28 Because of these early serial changes, assessment of the microvascu-
lar integrity between 2 days and 1 week after reperfusion might have better predictive 
accuracy for LV recovery and remodeling than measurements immediately after reperfu-
sion.19,28 
Microvascular injury is associated with greater infarct size and worse myocardial function.5,11,26 
However, we did not find a relationship between the extent of MVO and LV function in the 
present study. This is probably explained by the fact that we selected only patients with large 
MIs. Owing to this selection, the incidence of MVO was high (70%) compared with earlier 
studies. Thus, it was possible to compare the presence or absence of microvascular injury and 
to correlate the severity of MVO between both techniques. 
 
Clinical implications 
An increasing number of studies are published relating microvascular injury to LV remodel-
ing and clinical outcome in patients after reperfused acute MI.2 We have shown for the first 
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time in vivo that functional measurements of microvascular injury by Doppler flow velocity 
correspond to anatomic measurements of microvascular injury by LGE CMR. Assessment of 
the microvascular integrity with LGE CMR has several advantages. CMR allows a complete 
and accurate assessment of LV status in patients after acute MI in a single noninvasive ex-
amination without the use of ionizing radiation. Additionally, information can be obtained on 
cardiac structure, global and regional myocardial function, and infarct size with a high spatial 
resolution. 
Evaluation of MVO is useful for identifying high-risk patients with an acute MI after successful 
PCI and may facilitate decision making regarding the necessity of additional interventions, 
such as cell therapy. Theoretically, improvement of microvascular perfusion may have bene-
ficial effects on infarct healing, ventricular remodeling, and collateral formation, which may 
ultimately lead to better outcome. Finally, besides selecting patients for adjunctive therapy, 
measurements of MVO by CMR can be very useful in evaluating the efficacy of novel treat-
ment strategies aiming at preserving the microvasculature when treating acute MI in both 
clinical and experimental studies. 
 
Study limitations 
Several potential limitations of this study need to be addressed. First, our results were de-
rived from a selected population of patients with anterior MI. Previously, it has been reported 
that blood flow velocity patterns in patients with acute MI differ between the right and left 
coronary arteries12 and, therefore, our findings may not be representative for all patients with 
acute MI. The number of patients included was limited, and we did not perform serial meas-
urements. We cannot conclude whether quantification of MVO by LGE imaging is accurate 
enough to detect changes over time and whether these changes correspond to changes in 
blood flow velocity parameters. Nevertheless, several studies have shown that ‘no reflow’ 
detected by either of the techniques is associated with poor LV remodeling and outcome.6–

10,13–15,19,22,26–28 Microvascular obstruction was assessed 12 to 15 min after contrast administra-
tion rather than during the first 3 min as in previous studies.3,5 Because contrast diffuses into 
the infarct area and MVO regions over time, the true extent and especially size of MVO may 
have been underestimated. This might have influenced the observed relationship of CMR 
MVO and intracoronary Doppler flow velocity measurements. 
 
Conclusions 

In conclusion, the extent and size of MVO as assessed by LGE CMR correlated well with 
coronary blood flow velocity characteristics of microvascular injury, such as the presence of 
SRF, rapid deceleration of diastolic flow, and a reduced CFVR. This relation was independent 
of the size and transmural extent of the infarcted myocardium. By using CMR, quantification 
of myocardial function, infarct size, and microvascular injury can be performed accurately 
with a single noninvasive technique in patients with acute MI treated by primary PCI. 
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Abstract 

Background 

The electrocardiogram (ECG) is the most used and simplest clinical method to evaluate the 
risk for patients immediately after reperfusion therapy for acute myocardial infarction (MI). 
ST-segment resolution and residual ST-segment elevation have been used for prognosis in 
acute MI, whereas Q waves are related to outcome in chronic MI. We hypothesized that the 
combination of these electrocardiographic measures early after primary percutaneous 
coronary intervention (PCI) would enhance risk stratification. We investigated early electro-
cardiographic findings in relation to left ventricular (LV) function, extent and size of infarction, 
and microvascular injury in patients with acute MI treated with PCI. 

Methods 

We prospectively included 180 patients with a first acute ST-segment elevation MI, to assess 
ST-segment resolution, residual ST-segment elevation and number of Q waves using the 
12-lead ECG acquired on admission and 1 h after successful PCI. ECG findings were related to 
LV function, infarction size and transmurality, and microvascular injury as assessed with cine 
and late gadolinium-enhanced cardiovascular magnetic resonance 4±2 days after reperfu-
sion therapy. 

Results 

Residual ST-segment elevation (β=–2.00, p=0.004) and the number of Q waves (β=–1.66, 
p=0.005) were independent ECG predictors of LV ejection fraction. Although the number of Q 
waves was the only independent predictor of infarct size (β=2.01, p<0.001) and transmural 
extent of infarction (β=0.60, p<0.001), residual ST-segment elevation was the only independ-
ent predictor of microvascular injury (odds ratio 19.1, 95% CI 2.4–154, p=0.005) in multivari-
able analyses. The ST-segment resolution was neither associated with LV function, infarct size, 
or transmurality indexes, nor with microvascular injury in multivariable analysis. 

Conclusion 

In patients after successful coronary intervention for acute MI, residual ST-segment elevation 
and the number of Q waves on the post-procedural ECG offer valuable complementary 
information on prediction of myocardial function and necrosis and its microvascular status. 
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Introduction 

The electrocardiogram (ECG) is the most used and simple clinical method to evaluate the risk 
for patients immediately after successful reperfusion therapy for acute myocardial infarction 
(MI). In the early 1970s, experimental and in vivo studies established the use of ST-segment 
elevation as reflection of myocardial injury,1,2 and later, the ECG has proven to offer valuable 
prognostic information for patients treated with thrombolytic therapy or primary angio-
plasty.3,4 Patients with acute MI are stratified to ST-segment elevation or non-ST-segment 
elevation MI,5 and incomplete normalization of the ST-segment after reperfusion is associ-
ated with more extensive myocardial damage, microvascular injury, and a higher mortality 
rate.3,4,6–8 Similarly, patients with old infarction are divided into Q wave and non-Q wave MI,5 
in which the presence of Q waves is related to larger infarcts and an increased mortality.9–11 
In current clinical practice, an ECG is routinely obtained shortly after percutaneous coronary 
intervention (PCI) for acute MI, to evaluate the success of reperfusion and for initial risk 
stratification. Aside from ST-segment resolution and residual ST-segment elevation, the ECG 
offers information on early Q waves. Limited data are available on the additional value of Q 
wave assessment compared with ST-segment resolution or residual ST-segment elevation 
early after reperfusion with respect to myocardial function and necrosis. 
The purpose of this study was therefore to prospectively explore the significance of ECG 
findings early after primary PCI in relation to left ventricular (LV) function, extent and size of 
infarction, and microvascular injury as assessed by cardiovascular magnetic resonance (CMR).  
 
Methods 

Patient population 
We screened consecutive patients presenting with a first ST-segment elevation acute MI, 
according to standard ECG and enzymatic criteria.5 All patients had undergone primary PCI 
with stent implantation within 12 h of symptom onset. Exclusion criteria were: unsuccessful 
PCI, haemodynamic instability, elevation of creatine kinase MB <10 times the local upper 
limit of normal, and (relative) contraindications for CMR. One-hundred eighty patients in 4 
Dutch angioplasty centers were prospectively enrolled in the study. Patients were treated 
with aspirin, heparin, abciximab, clopidogrel, statins, β-blockers and ACE inhibitors, accord-
ing to ACC/AHA practice guidelines.12 All patients gave informed consent to the study proto-
col, which was approved by the local ethics committees of the participating centers.  
 
Electrocardiography 
The ST-segment resolution was evaluated on a 12-lead surface ECG acquired on admission 
and 1 h after PCI. The total degree of ST-segment resolution was determined 60 ms after the 
J point, and categorized as complete (≥70%), partial (30% to <70%), or no (<30%) ST-
segment resolution.3 Residual ST-segment elevation and the presence of Q-waves were 
assessed on the post-procedural ECG. Residual ST-segment elevation was stratified as 0.0 to 
0.2, 0.3 to 0.5, 0.6 to 1.0, and >1.0 mV of persisting ST-segment elevation. The presence of a Q 
wave was defined as an initial negative deflection of the QRS complex of >30 ms in duration 
and >0.1 mV, if it was preceded by elevation of the ST-segment of more than 0.1 mV in the 
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same lead on the ECG at diagnosis, and with exclusion of aVR.13 The number of Q waves was 
categorized as 0 to 2, 3, 4 and ≥5 Q waves.  
 
Cardiovascular Magnetic Resonance 
CMR examination was performed on a 1.5-T clinical MR scanner (Symphony/Sonata/Avanto, 
Siemens, Erlangen, Germany) using a phased array cardiac receiver coil, at 4±2 days after 
reperfusion. The ECG-gated images were acquired during repeated breath-holds. Contiguous 
short axis slices were acquired using a segmented steady-state free-precession pulse se-
quence in multiple short axis views every 10 mm covering the entire left ventricle from base 
to apex, to examine global and segmental LV function. Typical in-plane resolution was 
1.6x1.9 mm2, with slice thickness 5.0–6.0 mm (repetition time/echo time = 3.2/1.6 ms, flip 
angle 60°, matrix 256x156, temporal resolution 35–50 ms). Late gadolinium enhancement 
(LGE) was performed 10 to 15 minutes after administration of a gadolinium-based contrast 
agent (Dotarem, Guerbet, Roissy, France; 0.2 mmol/kg) with a 2D segmented inversion 
recovery gradient-echo pulse sequence, to examine infarct size and segmental transmural 
extent of infarction. Typical in-plane resolution was 1.4x1.7 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 heart 
beat). The inversion time was set to null the signal of viable myocardium. 
CMR data were analyzed using a dedicated software package (Mass 2008beta, Medis, Leiden, 
the Netherlands). On short axis cine slices, the endocardial and epicardial borders were 
outlined manually in end-diastolic and end-systolic images. From these, left ventricular end-
systolic volume (LVESV) and left ventricular end-diastolic volume (LVEDV), left ventricular 
ejection fraction (LVEF) and mass were calculated. The assessment of LGE images for infarct 
size and microvascular injury (microvascular obstruction (MVO)) was done as previously 
described.7 Total infarct size was expressed as percentage of LV mass. MVO was defined as 
any region of hypoenhancement within the hyperenhanced area (Figure 1), and was in-
cluded in the calculation of total infarct size. The standard 17-segment model was used for 
segmental analysis of myocardial function and transmural extent of infarction,14 excluding 
segment 17 (apex), because segmental evaluation in the short-axis orientation is not consid-
ered reliable due to the partial volume effect and longitudinal shortening of the heart. 
Segmental wall thickening was calculated by subtracting end-diastolic from end-systolic wall 
thickness. Dysfunctional segments were defined as segments with systolic wall thickening of 
<3 mm. Transmural extent of infarction was calculated by dividing the hyperenhanced area 
by the total area of the pre-defined segment. Segments with more than 50% hyperenhance-
ment were considered segments with transmural enhancement. 
 
Statistical analysis 
Values are reported as mean±SD or median (25th–75th percentile) for continuous variables 
and as frequency with percentage for categorical variables. For the comparison of continuous 
and categorical variables between anterior and non-anterior infarcts the Mann–Whitney U 
test and Chi-square test was used, as appropriate.  
Correlations were calculated with simple linear and logistic regression analysis. To identify 
independent predictors of global and regional LV indexes, and size and extent of infarction, 
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multivariable linear regression analysis was used. Because ST-segment resolution and resid-
ual ST-segment elevation may have important colinearity, multivariable linear regression 
analysis with a forward selection procedure was performed. The ST-segment resolution, 
residual ST-segment elevation, number of Q waves and anterior MI entered the model if 
p<0.10. Similar analysis was performed using multivariable logistic regression for the relation 
with the presence of MVO.  
All statistical tests were 2-tailed and a value of p<0.05 was considered statistically significant. 
Calculations were generated by Statistical Package for Social Sciences software (SPSS 15.0 for 
Windows, SPSS Inc., Chicago, USA). 
 
 
 
 
 
 
 
 
 

Figure 1. Example of CMR images of acute myocardial infarction. Examples of 3 patients after myocardial infarction, using late 

gadolinium enhancement cardiovascular magnetic resonance. The left panel shows a patient with a non-transmural, subendo-

cardial myocardial infarction (hyperenhanced region between white triangles). The middle panel is an example of a transmural 

myocardial infarction without microvascular obstruction (hyperenhanced region between black triangles). The right panel 

demonstrates a transmural infarction (between black, dotted triangles) with microvascular obstruction (hypoenhancement 

within the hyperenhanced region, white arrow). 

 
Results 

Patient characteristics, and angiographic and ECG data are listed in Table 1. Mean LVEDV was 
99.4±18.3 mL/m2, LVESV was 57.8±16.9 mL/m2 and LVEF was 42.7±8.6% in the total group of 
patients, with a mean number of 8.4±3.2 dysfunctional segments. The mean total size of 
gadolinium-enhanced infarction was 16.6±8.9% of LV mass, with a mean number of 3.2±2.4 
transmural enhanced segments. In 57.8% of the patients there was presence of MVO on the 
LGE images. Patients with anterior MI (n=114, 63%) had significantly worse LVEF, more 
dysfunctional segments, larger infarct size, and more segments with transmural enhance-
ment than patients with non-anterior MI (p<0.001 for all). There was no difference in median 
symptom-to-balloon time between patients with anterior or non-anterior MI (2.6 (2.0–4.0) vs 
3.5 (2.1–4.5) h respectively, p=0.10) or between patients with or without MVO (2.9 (2.0–4.5) vs 
2.9 (2.0–4.3) h respectively, p=0.80). 
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Table 1. Patient characteristics and angiographic and electrocardiographic data. 

Variable 
All patients  

(n=180) 

Age (years) 55 ± 10 

Body mass index (kg/m2) 26.3 ± 3.1 

Risk factors   

     Men 156 (87%) 

     Diabetes mellitus 7 (4%) 

     Hyperlipidaemia 39 (22%) 

     Hypertension 45 (25%) 

     Current smoking 101 (56%) 

Maximum serum creatine kinase MB divided by the local ULN 44 (24–69) 

Time to reperfusion (h) 2.9 (2.0–4.5) 

Platelet glycoprotein IIb/IIIa inhibitors  137 (76%) 

Infarct related artery  

     Left anterior descending artery 114 (63%) 

     Left circumflex artery 19 (11%) 

     Right coronary artery 47 (26%) 

Multivessel disease 53 (29%) 

TIMI flow grade after PCI   

     1 2 (1%) 

     2 20 (11%) 

     3 158 (88%) 

Myocardial blush grade after PCI (n=173)   

     0–1 57 (33%) 

     2–3 116 (67%) 

ST-segment resolution (n=171)  

     Complete 102 (59%) 

     Partial 49 (29%) 

     Incomplete 20 (12%) 

Residual ST-segment elevation (mm) (n=178)  

     0–2 75 (42%) 

     3–5 56 (32%) 

     6–10 32 (18%) 

     >10 15 (8%) 

Number of Q waves  

     0–2 44 (24%) 

     3 48 (27%) 

     4 47 (26%) 

     ≥5 41 (23%) 

Values are presented as number (%), mean (±SD), or median (25th–75th percentile). 

PCI = percutaneous coronary intervention; TIMI = Thrombolysis In Myocardial Infarction; 

ULN = upper limit of normal. 



ECG and MR imaging-verified myocardial function and necrosis 145 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. Relation between the ECG and post-infarction indices. Univariable regression analysis of the relation between 

electrocardiographic ST-segment resolution (left panels), residual ST-segment elevation (middle panels) and the number of Q 

waves (right panels), and left ventricular ejection fraction (upper panels), the transmural extent of infarction (middle panels) 

and microvascular obstruction (lower panels) as assessed with cardiovascular magnetic resonance. MVO = microvascular 

obstruction. 

 
ST-segment resolution 
The 12-lead ECGs were available for assessment of ST-segment resolution in 171 of 180 
patients (2 left bundle-branch block, 2 right bundle-branch block, and 5 pre-procedural ECG’s 
were missing or of poor technical quality). There was a moderate statistical relation for ST-
segment resolution with LVEF and the number of dysfunctional segments (p<0.05). The ST-
segment resolution was also moderately associated with the number of transmural en-
hanced segments (p=0.02), but not with either infarct size or presence of MVO (Figure 2). 
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Residual ST-segment elevation 
There were 178 of the 180 ECGs available for assessment of residual ST-segment elevation (2 
left bundle-branch block). There was a statistical association between residual ST-segment 
elevation and LVEDV, LVESV, LVEF and the number of dysfunctional segments (p<0.01). There 
was a stronger relationship with total infarct size, the number of segments with transmural 
enhancement and the presence of MVO (p<0.001; Figure 2). 
 
Number of Q waves 
All ECGs were available and interpretable for Q-wave assessment. The number of Q waves 
related moderately with LVEDV (p=0.009), and there was a good correlation with LVESV, LVEF 
and the number of dysfunctional segments (p<0.001). A significant association was found 
with size and transmural extent of infarction (p<0.001), but the number of Q waves did not 
statistically correlate with the presence of MVO (p=0.054; Figure 2). 
 
Table 2. Predictive value of electrocardiographic measures on myocardial function and necrosis. 

Variables Univariable analysis Multivariable analysis 

 Beta p value  Beta p value 

Left ventricular ejection fraction (%)      

     ST-segment resolution –2.47 0.008  – – 

     Residual ST-segment elevation –3.09 <0.001  –1.93 0.005 

     Number of Q waves –2.61 <0.001  –1.66 0.005 

     Anterior myocardial infarction –5.47 <0.001  –2.77 0.043 

Number of dysfunctional segments      

     ST-segment resolution 0.84 0.02  – – 

     Residual ST-segment elevation 1.00 <0.001  – – 

     Number of Q waves 0.99 <0.001  0.64 0.003 

     Anterior myocardial infarction 2.97 <0.001  2.52 <0.001 

Infarct size (% of left ventricular mass)      

     ST-segment resolution 1.85 0.045  – – 

     Residual ST-segment elevation 2.46 <0.001  – – 

     Number of Q waves 2.77 <0.001  2.01 <0.001 

     Anterior myocardial infarction 6.91 <0.001  5.50 <0.001 

Number of transmural segments      

     ST-segment resolution 0.61 0.02  – – 

     Residual ST-segment elevation 0.82 <0.001  – – 

     Number of Q waves 0.87 <0.001  0.60 <0.001 

     Anterior myocardial infarction 2.33 <0.001  1.91 <0.001 

Univariable and multivariable stepwise linear regression analysis of ST-segment resolution, residual ST-segment elevation, 

number of Q waves, and location of infarction for prediction of myocardial function, infarction and transmural extent of 

infarction in 171 patients with complete ECG data. ST-segment resolution is categorized as complete, partial, and incom-

plete; residual ST-segment elevation is categorized as 0–2, 3–5, 6–10, and >10 mm; number of Q waves is categorized as 

0–2, 3, 4, and ≥5 Q waves. 
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Predictive value of ECG measures 
Table 2 and 3 show the predictive value of each ECG parameter with respect to myocardial 
function, size and extent of infarction, and microvascular injury. The strongest predictors of 
LVEF were residual ST-segment elevation and the number of Q waves in multivariable analy-
sis. Additionally, the number of Q waves independently predicted infarct size and transmural 
extent, whereas residual ST-segment elevation was the single and best predictor of MVO 
presence. ST-segment resolution is no longer associated with LV function or transmurality 
after adjustment for residual ST-segment elevation and the number of Q waves. Furthermore, 
anterior MI was a strong independent predictor of LVEF, the number of dysfunctional seg-
ments, infarct size and the number of segments with transmural infarction. 
 
Table 3. Predictive value of electrocardiographic measures on microvascular obstruction. 

Variables Univariable analysis Multivariable analysis 

 Odds ratio (95% CI) p value Odds ratio (95% CI) p value 

ST-segment resolution  0.20   

     Complete 1    

     Partial 1.6 (0.8–3.2)    

     Incomplete 2.2 (0.8–6.1)    

Residual ST-segment elevation  0.005  0.005 

     0–2 1  1  

     3–5 2.3 (1.1–4.7)  2.3 (1.1–4.7)  

     6–10 2.6 (1.1–6.4)  2.6 (1.1–6.4)  

     >10 19.1 (2.4–154)  19.1 (2.4–154)  

Number of Q waves  0.054   

     0–2 1    

     3 1.4 (0.6–3.2)    

     4 2.0 (0.8–4.7)    

     ≥5 3.6 (1.4–9.2)    

 Anterior myocardial infarction 1.9 (1.0–3.5) 0.05   

Univariable and multivariable stepwise logistic regression analysis of ST-segment resolution, residual ST-segment eleva-

tion, number of Q waves, and location of infarction for prediction of the presence of microvascular obstruction in 171 

patients with complete ECG data. CI = confidence interval. 
 
ECG in relation to angiography and infarct size  
There was no relation between incomplete TIMI flow grade after primary PCI (defined as TIMI 
flow 1–2) and LVEF ( =–2.37, p=0.22), the number of transmural enhanced segments ( =–
0.005, p=0.99) or the presence of MVO (odds ratio (OR) 1.7 (95% CI 0.7–4.4), p=0.27). An 
impaired myocardial blush grading (defined as MBG 0–1) correlated with LVEF ( =–4.06, 
p=0.003) and with transmurality ( =1.24, p=0.001). Also, impaired MBG was associated with 
the presence of MVO (OR 3.6 (95% CI 1.8–7.4), p<0.001). Multivariable linear regression 
analysis of all angiographic and electrocardiographic parameters revealed residual 
ST-segment elevation and the number of Q waves as only independent variables for predic-
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tion of LVEF, and the number of Q waves for predicting transmurality. For predicting the 
presence of MVO, impaired MBG (OR 2.7 (95% CI 1.3–5.7), p=0.009) and residual ST-segment 
elevation of more than 10 mm (OR 10.5 (95% CI 1.2–88.9), p=0.03) were both independently 
associated with MVO presence in multivariable logistic regression analysis. 
There was a strong association between gadolinium-enhanced infarct size and LVEF ( =–0.58, 
p<0.001), transmurality ( =0.24, p<0.001) and MVO ( =0.04, p<0.001). After adjustment for 
infarct size in multivariable analysis, residual ST-segment elevation remained independently 
associated with LVEF ( =–1.81, p=0.002) and the presence of MVO ( =0.10, p=0.006), and the 
number of Q waves with transmurality ( =0.23, p=0.012). 
 
Discussion 

The principal finding of this study in patients after successful PCI for acute ST-segment 
elevation MI was that residual ST-segment elevation and the number of Q waves on the post-
procedural ECG are complementary in predicting myocardial function and necrosis. Residual 
ST-segment elevation, the number of Q waves and anterior MI were the strongest predictors 
of LV function. Additionally, residual ST-segment elevation was the single and best predictor 
of microvascular injury, whereas Q-wave count and anterior infarction best predicted infarct 
size and transmural extent of infarction. 
The changes of the electrocardiographic ST-segment in patients with ST-segment elevation 
MI, have been associated with patency of the infarct related artery in multiple clinical stud-
ies.15,16 Although this is no misapprehension, an important percentage of the patients fails to 
demonstrate normalization of the ST-segment after successful revascularization despite TIMI 
flow grade 3 because of impaired reperfusion at the myocardial tissue level.4 This is caused by 
a multitude of processes, including tissue edema, platelet plugging, neutrophil adhesion, 
myonecrosis, and intracapillary red blood cell stasis, resulting in MVO, which is also known as 
the ‘no-reflow’ phenomenon.17 Experimental and clinical studies have shown that MVO is 
common, and that it is associated with a higher incidence of LV remodeling, congestive heart 
failure and death.18,19 Thus, the ST-segment early after PCI offers prognostic information by 
reflecting myocardial perfusion status rather than epicardial flow, and predicts clinical out-
come in patients with reperfused MI.3,4 The present study extends these findings, by demon-
strating that persisting elevation of the ST-segment is strongly related to LV volumes and 
function, and strongly correlated with the presence of microvascular injury, which is essential 
information during hospitalization.  
In line with previous studies, residual ST-segment elevation performed better as predictive 
measure than ST-segment resolution.6,20 The ST-segment elevation in acute MI may have 
already partially normalized on admission because of the drastically improved infarct treat-
ment including heparin and aspirin during transfer to the tertiary center for primary PCI. Thus, 
the ECG before reperfusion therapy may underestimate the true amount of ST-segment 
elevation, and consequently affect its prognostic power. Residual ST-segment elevation may 
therefore better express reperfusion injury at the myocardial tissue level than ST-segment 
resolution. 



ECG and MR imaging-verified myocardial function and necrosis 149 

Early work has reported that there is a relation between the presence of Q waves on the ECG 
and the transmural extent of infarction in chronic MI.21 Later, human autopsy studies sug-
gested that this association was doubtful, however, much anatomic and clinical research has 
shown that the distinction of Q waves in patients with previous MI is useful for prognosis 
because its presence predicts larger infarcts and higher mortality.10,11,22 In a report of Tousek 
et al., a relation was found between microvascular perfusion on myocardial contrast echo-
cardiography and the extent of Q wave formation on the electrocardiogram after mechanical 
reperfused acute MI.23 Although echocardiography using myocardial contrast can be used to 
predict functional outcome after reperfused acute MI, it is not capable of differentiating 
between the presence or absence of transmural infarction in segments with reduced myo-
cardial perfusion. To our knowledge, the present study is the first to evaluate the significance 
of the number of Q waves early after primary PCI in relation to myocardial function, and in 
particular, to study its relation between the extent of infarction and microvascular injury. The 
number of Q waves strongly predicted LVESV, LVEF and the number of dysfunctional seg-
ments, and was the strongest independent predictor on the ECG of infarct size and its trans-
mural extent. There was no statistically significant relation with microvascular injury. 
Another important difference between the results of this study and those of earlier studies 
assessing the predictive value of electrocardiographic measures in patients with acute MI is 
that both residual ST-segment elevation and the number of Q waves offered incremental 
information aside angiographic measures and infarct size with respect to LV function, trans-
murality and microvascular injury. Previous reports have shown that incomplete TIMI flow 
grade and impaired MBG predict worse clinical outcome and LV function.24,25 Although we 
found no statistical significant relation between incomplete TIMI flow grade and LV function 
in our study, impaired MBG correlated with LVEF, transmurality and MVO. In multivariable 
analysis, electrocardiographic measures remained stronger predictors of LVEF and transmu-
rality, and MBG was only predictive for the presence of MVO. 
 
Methodological considerations 
Assessment of ECG measures was done semi-quantitatively. Continuous ST-segment moni-
toring using automated analysis systems may have improved the evaluation of myocardial 
reperfusion over time.16 Also, addition of ST-segment depression may have further improved 
the pathophysiological understanding of the electrocardiogram and its prognostic impact,6,26 
reflecting reciprocal ST-segment elevation, more extensive infarction or additional ischemia 
beyond the infarct zone. In this study, however, we have evaluated a clinically applicable and 
generally available approach. Our findings cannot be generalized to all patients with acute MI, 
since only patients with ST-elevation MI were included in the study with relatively large 
infarcts (elevation of creatine kinase-MB >10 times the upper limit of normal). Although these 
data suggest an incremental role for the number of Q waves in relation to LV function and 
infarction, it is unknown whether these results can be extrapolated to patients with acute MI 
without ST-segment elevation. Additionally, patients in whom revascularization was not 
successful, those treated conservatively or those who underwent coronary artery bypass 
grafting for acute MI were not included in the study. 
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Clinical implications 
Bcause residual ST-segment elevation reflects myocardial function and no-reflow, whereas 
the number of Q waves relates to myocardial function and size/extent of infarction, both 
parameters offer complementary information for patients after reperfused acute MI, beyond 
that provided by infarct size and angiography. Therefore, we believe that the readily available 
and simple ECG shortly after PCI may more specifically assist the physician’s clinical decision 
making and risk stratification of patients after acute MI than currently known. Additionally, 
our findings may be relevant for selecting patients that may benefit from adjunctive thera-
peutic interventions (e.g., cell therapy), to limit functional deterioration and promote the 
repair of infarcted myocardium.  
 
Conclusions 

We found that residual ST-segment elevation and the number of Q waves on the ECG shortly 
after PCI for acute MI have complementary predictive value on myocardial function, size and 
extent of infarction, and microvascular injury. 
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Abstract 

Background 

Microvascular obstruction on cardiovascular magnetic resonance (CMR) has been shown to 
predict left ventricular (LV) remodeling, but it is not well known how it compares with com-
monly used criteria of microvascular injury, and earlier reports have produced conflicting 
results on the significance and extent of microvascular obstruction (MVO). We examined the 
relation between angiographic, electrocardiographic, and gadolinium-enhanced CMR 
characteristics of MVO, and their predictive value on functional recovery after acute myocar-
dial infarction (MI). 

Methods 

Thrombolysis In Myocardial Infarction (TIMI) flow grade, myocardial blush grade (MBG), and 
ST-segment resolution were assessed in 60 patients with acute MI 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 4-month follow-up. 

Results 

Early and late MVO were both related to incomplete ST-segment resolution (p=0.002 and 
p=0.01, respectively), but not to TIMI flow grade and MBG. Of all angiographic, electrocardio-
graphic, 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 incre-
mental diagnostic value to transmural extent of infarction (odds ratio: 0.18; p=0.0001). 

Conclusion 

In patients after revascularized acute MI, late MVO proved a more powerful predictor of 
global and regional functional recovery than all of the other characteristics, including trans-
mural extent of infarction. 
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Introduction 

Infarct size is a strong predictor of prognosis after acute myocardial infarction (MI), and 
reperfusion therapy has contributed to an important decrease in mortality by limiting myo-
cardial necrosis.1 However, despite successful recanalization of the infarct-related artery, 
perfusion of the ischemic myocardium is not or is 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, conges-
tive 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 Myocardial contrast echocardiography 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 acute MI, 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 gadolin-
ium enhancement (LGE).14,15 Both techniques have been shown to predict LV remodeling and 
outcome, but it is not known how they compare with 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 an-
giographic, 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 acute MI. 
 
Methods 

Patient population 
We screened consecutive patients presenting with a first ST-segment elevation MI, according 
to standard electrocardiographic and enzymatic criteria. All patients had undergone primary 
percutaneous coronary intervention (PCI) with (bare-metal) stent implantation within 12 h of 
symptom onset. Exclusion criteria were: unsuccessful angiographic reperfusion (Thromboly-
sis In Myocardial Infarction (TIMI) flow grade <2), hemodynamic instability, left bundle-
branch block, or (relative) contraindications for CMR. Sixty-seven patients were prospectively 
enrolled in the study. Patients were treated with aspirin, heparin, abciximab, clopidogrel, 
statins, β-blockers and ACE inhibitors, according to American College of Cardiology/Ameri-
can Heart Association practice guidelines.19 All of the patients gave informed consent to the 
study protocol, which was approved by the local ethics committee. 
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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 myo-
cardial 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 similar to 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 h after PCI. The sum of ST-segment elevation was measured 60 ms after the J 
point in leads I, aVL, and V1 to V6 for anterior and leads II, III, aVF, V5, and V6 for nonanterior 
acute MI. The percentage resolution of ST-segment elevation from before to after 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. 
 
Cardiovascular Magnetic Resonance 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 to 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 cover-
ing the entire left ventricle. Typical in-plane resolution was 1.6x1.9 mm2, with slice thickness 
5.0 to 6.0 mm (repetition time/echo time 3.2/1.6 ms, flip angle 60°, matrix 256x156, temporal 
resolution 35 to 50 ms). First-pass perfusion was performed during administration of a 
gadolinium-based contrast agent (Magnevist, 0.1 mmol/kg; Schering, Berlin, Germany) at a 
rate of 3.0 mL/s, 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° pre-pulse, repetition time/echo time 2.1/1.0 ms, saturation time 120 
ms, flip angle 12°, matrix 128x93, in-plane resolution 3.0x3.3 mm2, slice thickness 8.0 mm, 
total scan duration ~1.5 min). Immediately after first-pass perfusion, an additional 0.1 
mmol/kg gadolinium-based contrast agent was administered (cumulative dose 0.2 mmol/kg). 
Late gadolinium enhancement images were obtained 12 to 15 min after the second contrast 
administration,20 using a 2-dimensional segmented inversion recovery gradient-echo pulse 
sequence, with slice position identical to the cine images. Typical in-plane resolution was 
1.4x1.7 mm2, with slice thickness 5.0 to 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 to 300 ms. 
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Cardiovascular Magnetic Resonance 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 2 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. Left ventricular volumes and left ventricular ejection 
fraction (LVEF) were calculated. Each short axis was divided in 12 equiangular 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. Myocar-
dial segments were considered to be dysfunctional if SWT was <3 mm, based on the mean 
SWT of 4.4 0.7 mm (mean 2 SD) in a group of 10 healthy volunteers (age 50 to 75 years). 
Complete recovery of dysfunctional segments was defined as SWT 3.0 mm at follow-up. 
First-pass perfusion was evaluated qualitatively. Microvascular obstruction was considered to 
be 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 core in at least 1 of the 
slices.9,13 To verify that a true perfusion deficit persisted after passage of the contrast agent, 
all acquired phases were evaluated. Microvascular obstruction on first-pass perfusion imag-
ing 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 hyperen-
hanced area,14,15 and was termed late MVO. Microvascular obstruction was included in the 
calculation of total infarct size. The extent of late MVO was calculated in each patient, ex-
pressed 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 2 most basal and 2 
most distal slices were excluded, because segmental evaluation at these levels is not consid-
ered to be reliable due to the LV outflow tract and partial volume effect respectively. All CMR 
studies were supervised by 1 operator, and all images were analyzed by 2 experienced 
observers who were blinded to patient data. There was no disagreement between observers 
regarding the presence of early or late MVO in each patient.  
 
Statistical analysis 
Data are expressed as mean 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 
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to compare means between subgroups. To identify independent predictors of global LV 
indexes 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 4 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 in-
cluded, and outcomes were stratified by the transmural extent of infarction. Because regional 
function in different segments within 1 patient is strongly related, outcomes were analyzed 
using multilevel analyses (linear and logistic regression) with 3 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 2 tailed, and a p value of <0.05 
was considered to be statistically significant. 
 
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 3, claustrophobia in 1, cardiac death in 2, and noncardiac death in 
1 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 had MBG 2 (46%), 4 had MBG 1 (36%), and 2 had MBG 0 
(18%). Of the 49 patients with TIMI flow grade 3, 30 had MBG 3 (61%), 16 had MBG 2 (33%), 
and 3 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-segment resolution was 55.7 32.0%. There was a significant 
relationship for ST-segment resolution (categorized as no, partial, or complete) with TIMI flow 
grade 2 to 3 (p value for trend=0.005) and with MBG 0 to 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 had MBG 2 to 3 (88%). Of the 36 patients with incomplete ST-segment resolution, 10 had 
TIMI flow grade 2 (28%), and 6 had MBG 0 to 1 (17%). There was no statistical relationship 
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 
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(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. 
 

Table 1. Patient characteristics and angiographic and electrocardiographic data. 

Variable 
All patients  

(n=60) 

Age (years) 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 (h) 3.5 ± 3.2 

Maximum total creatine kinase (U/L) 3,093 ± 1,851 

Medication at discharge  

     Aspirin 60 (100%) 

     Clopidogrel 60 (100%) 

     β-blockers 60 (100%) 

     Statins 60 (100%) 

     ACE inhibitors or 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 grade after PCI   

     2 11 (18%) 

     3 49 (82%) 

Myocardial blush grade after PCI   

     0 2 (3%) 

     1 7 (12%) 

     2 21 (35%) 

     3 30 (50%) 

ST-segment resolution (sum of leads)  

     No (<30%) 9 (15%) 

     Partial (30%–70%) 27 (45%) 

     Complete (≥70%) 24 (40%) 

Values are presented as number (%) or mean±SD. ACE = angiotensin-converting enzyme; 

ATII = angiotensin II; MBG = myocardial blush grade; PCI = percutaneous coronary inter-

vention; TIMI = Thrombolysis In Myocardial Infarction. 
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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, respec-
tively; chi-square test; Table 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 h vs 3.7 4.0 h, respectively; p=0.73) and 
between patients with or without late MVO (3.4 2.3 h vs 3.8 4.6 h, respectively; p=0.70). 
 
Table 2. Relationship between angiographic/electrocardiographic parameters, and first-pass perfusion and late gadolinium-

enhanced imaging. 

 MVO during first-pass perfusion  MVO on LGE images 

  No Yes p value  No Yes p value 

TIMI flow grade         

     2  2 (18%) 9 (82%) 0.48*  5 (45%) 6 (55%) 1.0* 

     3  17 (35%) 32 (65%)   21 (43%) 28 (57%)  

Myocardial blush grade         

     0–1  3 (33%) 6 (67%) 1.0*  4 (44%) 5 (56%) 1.0* 

     2–3  16 (31%) 35 (69%)   22 (43%) 29 (57%)  

ST-segment resolution         

     Incomplete  6 (17%) 30 (83%) 0.002†  11 (31%) 25 (69%) 0.01† 

     Complete  13 (54%) 11 (46%)   15 (63%) 9 (37%)  

The p values are calculated using *Fisher exact test or †chi-square test. LGE = late gadolinium enhancement; MVO = 

microvascular obstruction; TIMI = Thrombolysis In Myocardial Infarction. 
 
Predictors of global function and recovery 
Tables 3 and 4 demonstrate 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 ( =–0.58; p<0.0001) and LV end-systolic volume ( =1.20; 
p<0.0001). The results of univariable and multivariable regression analysis of LV end-diastolic 
volume at baseline were similar to results for 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 ( =–3.94; p=0.006 and =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 multi-
variable analysis ( =0.53; p=0.001). 
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Table 3. Univariable and multivariable linear regression analysis for the prediction of baseline ejection fraction and the change 

in ejection fraction between baseline and follow-up. 

 LVEF at baseline Δ LVEF 

  Univariable  Multivariable  Univariable  Multivariable 

  β p value  β p value  β p value  β p value 

MVO during first-pass perfusion 

imaging 
 

–5.50 0.03  – –  –2.54 0.09  – – 

MVO on LGE imaging  –5.78 0.01  – –  –2.84 0.04  –3.94 0.006 

Extent of MVO (% of segments)  –0.40 <0.0001  – –  –0.09 0.17  – – 

TIMI 2  –2.71 0.37  – –  –1.62 0.37  – – 

MBG <2  –0.19 0.96  – –  –1.75 0.37  – – 

Incomplete ST-segment resolution  –4.64 0.05  – –  –0.71 0.62  – – 

Infarct size (% of LV)  –0.58 <0.0001  –0.58 <0.0001  –0.05 0.46  – – 

Transmurality (% of segments)  –0.42 <0.0001  – –  –0.01 0.89  – – 

Age (years)  0.04 0.73  – –  0.08 0.26  – – 

Baseline LVEF (%)  – –  – –  –0.12 0.12  –0.19 0.02 

LV = left ventricle; LVEF = left ventricular ejection fraction; MBG = myocardial blush grade; abbreviations as in Table 2. 

 
Table 4. 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. 

 LV end-systolic volume at baseline Δ LV end-systolic volume 

  Univariable  Multivariable  Univariable  Multivariable 

  β p value  β p value  β p value  β p value 

MVO during first-pass perfusion 

imaging 
 

10.53 0.07  – –  8.26 0.005  – – 

MVO on LGE imaging  14.57 0.007  – –  9.83 0.0003  8.67 0.001 

Extent of MVO (% of segments)  0.92 <0.0001  – –  0.42 0.001  – – 

TIMI 2  –2.61 0.71  – –  –0.29 0.94  – – 

MBG <2  –5.92 0.44  – –  1.09 0.78  – – 

Incomplete ST-segment 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 (% of segments)  0.78 0.0004  – –  0.28 0.02  – – 

Age (years)  –0.21 0.47  – –  –0.39 0.007  –0.30 0.02 

Baseline LV end-systolic volume 

(mL/m2) 
 

– –  – –  0.02 0.79  – – 

Abbreviations as in Tables 2 and 3. 

 
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 toward an increase in LV end-systolic volumes (p=0.10), and absence of im-
provement 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, 
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no significant correlation was found between the extent of MVO and the change in LVEF 
(Pearson r=0.05; p=0.78), end-systolic volume (Pearson r=0.19; p=0.29), or end-diastolic 
volume (Pearson r=0.21; p=0.24). 

 

 

 

 

 

 

 

 

Figure 1. Changes in global left ventricular volumes and function according to late microvascular obstruction (MVO) status. 

Changes in global left ventricular volumes and function from baseline to follow-up in patients without MVO (- -) and with 

MVO (- -). Base = baseline; FU = follow-up. 

 
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 to 
25%, 26% to 75%, and 76% to 100% extent of infarction, respectively (p<0.001). 
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 
(Figures 2A and 2B). Also, in segments with >75% hyperenhancement and late MVO, im-
provement in wall thickening was significantly less than in segments without MVO (p=0.007; 
Figure 2C). Out of all the dysfunctional segments, 654 segments showed complete recovery 
at follow-up. The likelihood of complete recovery was highest in segments with no or mini-
mal hyperenhancement without MVO and lowest in segments with >75% hyperenhance-
ment with MVO (Figure 2D). Only 6% (23 of 372) of the dysfunctional segments with late MVO 
showed complete recovery during follow-up, compared with 35% (631/1,786) of the dysfunc-
tional segments without MVO (odds ratio: 0.18; 95% confidence interval: 0.08 to 0.38; 
p<0.0001). 
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Figure 2. Changes in regional wall thickness and function in dysfunctional segments according to infarct transmurality and 

presence of late microvascular obstruction (MVO). Change of end-diastolic and end-systolic regional wall thickness (A and B) 

and of wall thickening (C) in dysfunctional segments between baseline and follow-up according to transmural extent of 

infarction. (D) Complete recovery at follow-up of dysfunctional segments according to baseline transmural extent of infarction 

in patients without MVO (- -) and with MVO (- -). 

 
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 acute MI. The main findings can be summarized as follows: (i) of all characteristics of 
microvascular injury, late MVO was the strongest predictor of change in global LV function 
and volumes at follow-up; (ii) ST-segment resolution, but not TIMI flow grade and MBG, 
correlated with the presence of MVO on first-pass perfusion and LGE CMR; and (iii) late MVO 
was a stronger predictor of regional functional outcome than infarct transmurality. 
 
Angiography and electrocardiography 
In acute MI, 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 
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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 an-
giographic and electrocardiographic techniques and found that MBG and ST-segment 
resolution provided prognostic information beyond the standard TIMI flow grading and the 
(semiquantitative) TIMI frame count.22 Myocardial blush grade and ST-segment resolution 
have each been used as (surrogate) endpoints 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 the present study, ST-segment resolution 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 studied. 
 
Gadolinium-enhanced cardiovascular magnetic resonance 
By allowing the direct visualization of the nonperfused zone, gadolinium-enhanced CMR has 
provided new insights in the pathophysiology and prevalence of MVO.4,9,13,24 Current first-pass 
CMR techniques have high sensitivity for the diagnosis of MVO, detecting it in 65% to 87% of 
patients with successfully reperfused acute MI and TIMI flow grade 3.16,25,26 The reported 
prevalence of MVO with LGE imaging is lower: 28% to 58%.14,15,17,18,26,27 So far, only 2 studies 
have directly compared early and late MVO, and both showed a higher prevalence of early 
MVO but did not assess their relative values 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 subsequently smaller areas of hypoenhancement at postponed 
(late) imaging (Figure 3). The short-axis LGE images were acquired between 12 and 15 min 
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. The present data extend previous studies by 
showing that, although first-pass imaging was more sensitive in detecting MVO (68% vs 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 late MVO. This finding is in line with our 
previous results, where we reported no difference in LV indexes 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. 
 
Microvascular obstruction versus infarct size and transmurality 
The present study also demonstrates that late MVO has diagnostic value beyond infarct 
transmurality, which is an established predictor of functional recovery of stunned or hiber-
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nating 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 trans-
murality. These results strongly suggest that, in the acute setting, MVO might be more 
relevant than infarct size or transmural extent. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Example of gadolinium-enhanced images of the same patient with MVO at different time points after contrast 

administration, showing the decline of the MVO region. (A) Short-axis first-pass perfusion image 1.5 min after contrast bolus 

injection, with transmural hypoenhancement in the inferolateral region (arrows). (B to F) Corresponding 3-chamber LGE 

images which transect A at the dotted line, acquired 10 min (B), 15 min (C), 20 min (D), 30 min (E), and 40 min (F) after 

contrast administration. 

 
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 
and 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. 
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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 a principal imaging technique in trials evaluating new therapeutic strate-
gies to limit microvascular injury in the setting of acute MI. 
 
Conclusions 

We found late MVO to be the most powerful predictor of functional outcome after acute MI 
when directly comparing angiographic, electrocardiographic, and gadolinium-enhanced 
CMR characteristics of microvascular injury in a homogeneous group of patients after suc-
cessful PCI. Its predictive value exceeded that of early MVO and assessment of transmural 
extent of infarction. 
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Abstract 

Background 

To evaluate which cardiac magnetic resonance (MR) imaging technique for detection of 
microvascular obstruction (MVO) best predicts left ventricular (LV) remodeling after acute 
myocardial infarction (MI). 

Methods 

This study had local ethics committee approval; all patients gave written informed consent. 
Sixty-three patients with first acute MI, treated with primary stent placement and optimal 
medical therapy, underwent cine MR imaging at 4 to 7 days and at 4 months after MI. Pres-
ence of MVO was qualitatively evaluated at baseline by using 3 techniques: (i) a single-shot 
saturation-recovery gradient-echo first-pass perfusion sequence (early hypoenhancement), 
mean time, 1.09±0.07 (SD) minutes after contrast material administration; (ii) a 3-dimensional 
segmented saturation-recovery gradient-echo sequence (intermediate hypoenhancement), 
mean time, 2.17±0.26 minutes; and (iii) a 2-dimensional segmented inversion-recovery 
gradient-echo late gadolinium enhancement sequence (late hypoenhancement), mean time, 
13.32±1.26 minutes. Contrast-to-noise ratios (CNRs) were calculated from the signal-to-noise 
ratios of the infarcted myocardium and MVO areas. Univariable linear regression analysis was 
used to identify the predictive value of each MR imaging technique. 

Results 

Early hypoenhancement was detected in 44 (70%) of 63 patients; intermediate hypo-
enhancement, in 39 (62%); and late hypoenhancement, in 37 (59%). Late hypoenhancement 
was the strongest predictor of change in LV end-diastolic and end-systolic volumes over time 
(β=14.3, r=0.40, p=0.001 and β=11.3, r=0.44, p<0.001, respectively), whereas intermediate 
and late hypoenhancement had comparable predictive values of change in LV ejection 
fraction (β=–3.1, r=–0.29, p=0.02 and   β=–2.8, r=–0.27, p=0.04, respectively). CNR corrected 
for spatial resolution was significantly superior for late enhancement compared with the 
other sequences (p<0.001). 

Conclusion 

By using cardiac MR imaging, late hypoenhancement is the best prognostic marker of LV 
remodeling, with highest CNR between the infarcted myocardium and MVO regions. 
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Introduction 

Early restoration and adequate reflow of the infarct-related artery and myocardial tissue are 
the primary objectives of treatment strategies in patients with acute myocardial infarction 
(MI).1 Despite successful recanalization, perfusion of the ischemic myocardium is either 
unrestored or incompletely restored in up to 30% of patients as a result of microvascular 
obstruction (MVO), which is associated with higher incidence of left ventricular (LV) dysfunc-
tion, complications, and death.2–4 Several techniques have been described to identify patients 
with microvascular injury after acute MI.2–8 Cardiac magnetic resonance (MR) imaging is of 
increasing interest with these patients, since it allows accurate assessment of function, 
transmural extent, and total size of infarction and MVO in all segments of the ventricle in a 
single examination.9 Two techniques have been described to help detect MVO by using 
cardiac MR imaging in the clinical setting: first-pass perfusion and late gadolinium enhance-
ment.10–12 First-pass perfusion is a dynamic imaging technique that acquires single-shot 
images (one image for each cardiac cycle) during administration of a gadolinium chelate with 
relatively low spatial resolution (in-plane resolution, 3.5x3.0 mm and section thickness, 10 
mm). MVO is present if hypoenhanced areas persist after the peak of signal intensity in 
normal myocardium. With late enhancement, static images are acquired 10–15 minutes after 
contrast material administration. Each image is obtained with a segmented acquisition over 
multiple cardiac cycles, yielding a higher spatial resolution (in-plane resolution, 1.7x1.4 mm 
and section thickness, 5 mm).13 Although regions of MVO visualized by using both MR imag-
ing techniques have been shown to correspond to anatomically defined areas of microvascu-
lar injury,14 the reported prevalence and significance of MVO have produced inconsistent 
results, with some favoring first-pass perfusion and others favoring late gadolinium en-
hancement.15–17 First-pass perfusion provides dynamic information on the rapid wash-in of 
the contrast agent, however, with limited spatial resolution, signal-to-noise ratio (SNR), and 
coverage of the LV. However, the late enhancement technique offers information on a more 
equilibrated distribution of the contrast agent in the infarct area with high resolution images 
but is limited by a longer examination time because it requires at least 10 minutes after 
contrast agent injection to obtain equilibration and multiple breath holds to fully cover the 
LV. Because signal intensity in MVO regions rises slowly in the first 5–10 minutes and the 
visible area with MVO decreases,18,19 MVO may be missed at later times after contrast agent 
administration by using late enhancement. An intermediate approach might enhance the 
diagnosis of MVO, consisting of early imaging with a static three-dimensional technique, 
allowing a high spatial resolution and SNR with full LV coverage in one breath hold. At 
present, it is unclear which approach is preferred to visualize MVO in patients with acute MI 
who received uniform and optimal treatment. 
Therefore, the purpose of our study was to prospectively evaluate 3 cardiac MR imaging 
techniques to determine the optimal timing after contrast agent injection for detection of 
MVO and prediction of LV remodeling in a uniformly treated patient group after acute MI. 
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Methods 

Patient population 
We prospectively screened consecutive patients with a first ST-elevation acute MI, according 
to standard electrocardiographic and enzymatic criteria,20 between June 2003 and June 2007. 
Patients were included in the study if they presented within 12 h of symptom onset and had 
undergone successful primary percutaneous coronary intervention (Thrombolysis in Myocar-
dial Infarction flow grade ≥2) with stent implantation. Exclusion criteria were hemodynamic 
instability or (relative) contraindications for MR imaging. Seventy patients were enrolled in 
the study. Patients were treated with aspirin, heparin, abciximab, clopidogrel, statins, β-
blockers, and ACE inhibitors, according to American College of Cardiology/American Heart 
Association practice guidelines.21 All patients gave informed consent to the study protocol, 
which was approved by the local ethics committee. 
 
Cardiac MR imaging protocol 
Cardiac MR imaging was performed with a 1.5-T imager (Sonata/Symphony; Siemens, Erlan-
gen, Germany) by using a phased-array cardiac receiver coil. Baseline imaging was performed 
between 2 and 9 days after reperfusion; follow-up imaging was performed at 4 months. LV 
function was determined with cine imaging by using a segmented steady-state free preces-
sion pulse sequence, in multiple short-axis views every 10 mm, covering the entire LV. Typical 
in-plane resolution was 1.6x1.9 mm, with a section thickness of 5.0–6.0 mm (repetition time 
msec/echo time msec, 3.2/1.6; flip angle, 60°; matrix, 256x156; and temporal resolution, 35–
50 msec). 
First-pass perfusion imaging was performed during administration of 0.1 mmol per kilogram 
of body weight of a gadolinium-based contrast agent (Magnevist; Schering, Berlin, Germany) 
at a rate of 3.0 mL/sec by using a single-shot spoiled gradient-echo pulse sequence (2.1/1.0; 
prepulse angle, 90°; saturation time, 120 msec; acquisition window in cardiac cycle, 185 msec; 
flip angle, 18°; matrix, 128x93; in-plane resolution, 3.3x3.0 mm; section thickness, 8.0 mm; and 
total imaging duration, ≥1 minute).11 Three short-axis sections were obtained every 10 mm, 
for each heartbeat, covering the infarct area on the basis of the wall motion abnormalities 
observed on the cine images. First-pass perfusion imaging was followed with an intermediate 
enhancement imaging technique by using a 3-dimensional segmented spoiled gradient-
echo pulse sequence. This technique has similarity to the first-pass perfusion sequence and 
other sequences previously used for MVO detection.3,22 A 3-dimensional stack of 10 consecu-
tive short-axis sections was acquired in mid-diastole for 16 heartbeats, covering the infarcted 
myocardium (3.0/1.2; prepulse angle, 90°; saturation time, 60 msec; acquisition window in 
cardiac cycle, 227 msec; flip angle, 15°; matrix, 256x208; in-plane resolution, 1.4x1.4 mm; 
section thickness, 5.0 mm; and images were obtained in partial Fourier, in-phase, and section-
encoding directions). Immediately after the intermediate enhancement acquisition, an 
additional 0.1 mmol/kg of the gadolinium-based contrast agent was administered (cumula-
tive dose, 0.2 mmol/kg). Late gadolinium enhancement was performed 12–15 minutes after 
contrast agent administration by using a 2-dimensional segmented inversion-recovery 
gradient-echo pulse sequence after an initial inversion time scout sequence was performed 
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to determine the optimum inversion time.23 Each image was acquired during 16 heartbeats at 
mid-diastole, with section position identical to the cine images. Typical in-plane resolution 
was 1.4x1.7 mm; section thickness was 5.0–6.0 mm (9.6/4.4; acquisition window in cardiac 
cycle, 239 msec; flip angle, 25°; and imaging was triggered to every other heartbeat). The 
inversion time was set to null the signal of viable myocardium and typically ranged from 240 
to 300 msec. 
 
Data analysis and definitions 
All MR imaging data were analyzed on a separate workstation by using dedicated software 
(Mass, version 2006beta; Medis, Leiden, the Netherlands). Cine, first-pass perfusion, early 
enhancement, and late enhancement images were acquired during the same imaging 
session and were matched by using section position. Registration of follow-up to baseline 
cine and late enhancement images was achieved with consensus of two observers (R.N., 
A.M.B.) by using anatomic landmarks, such as papillary muscles and right ventricular insertion 
sites. On all short-axis cine sections, the endocardial and epicardial borders were outlined 
manually on end-diastolic (ED) and end-systolic (ES) images. LV volumes and ejection fraction 
(EF) were calculated. 
MVO was evaluated qualitatively on the first-pass perfusion, intermediate enhancement, and 
late gadolinium enhancement images, and was considered present if the persisting region of 
hypoenhancement was located in the subendocardial layer of the infarcted myocardium.9,14 
MVO was considered as early hypoenhancement when seen at first-pass perfusion, as inter-
mediate hypoenhancement when seen at intermediate enhancement imaging, and as late 
hypoenhancement when seen at late gadolinium enhancement. Total infarct size was meas-
ured on the late gadolinium-enhanced images by summing all section volumes of hyperen-
hancement and was expressed as a percentage of LV mass. MVO was included in the 
calculation of total infarct size. In a previous study, interobserver agreement for the assess-
ment of hyperenhancement was 87% (κ=0.76).18 All images were analyzed by two observers 
(R.N. and A.M.B., both with experience of over 700 MR examinations per year) who were 
blinded to patient data and clinical status. There was no disagreement between observers 
regarding the presence of early, intermediate, or late hypoenhancement in each patient. 
SNR values of the gadolinium-enhanced images were calculated as the mean signal intensity 
for regions of interest placed over the center of the microvascular injury and the infarcted 
area without MVO, divided by the signal noise level, of a short-axis section through the 
center of the infarct. Since no parallel imaging was used, noise could be calculated as the SD 
of a region of interest outside the patient, divided by 0.7, taking the number of effective 
radiofrequency coils into account.24 The contrast-to-noise ratio (CNR) was calculated between 
the area with hypoenhanced and hyperenhanced myocardia from the difference of mean 
signal intensity in each compartment, divided by the noise. 
 
Statistical analysis 
Data are expressed as the mean±SD for continuous variables. The paired-sample t test was 
used to compare differences in global LV parameters between baseline and follow-up ex-
aminations and the independent-sample t test was used to compare mean values between 
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subgroups. To identify the predictive value of each MR imaging technique for global LV 
indices at follow-up and their change between baseline and follow-up, univariable linear 
regression analyses were used. We reported linear regression coefficients (β), representing 
the slopes of the univariable regression lines; p values; and correlation coefficients (Pearson r 
values). A one-way between-group analysis of variance was conducted to explore the impact 
of MR hypoenhancement on the change in global LV parameters, and to evaluate the differ-
ence in SNR and CNR values of the 3 MR imaging techniques. All statistical tests were 2 tailed 
and a p value of less than 0.05 was considered to indicate a significant difference. Statistical 
analysis was performed by using software (SPSS, version 15.0 for Windows; SPSS, Chicago, Ill). 
 
 

Table 1. Baseline patient characteristics. 

Characteristics 
All patients  

(n=63) 

Age (years) 55 ± 10 

Body mass index (kg/m2) 26 ± 3 

Risk factors   

     Men 57 (91%) 

     Diabetes mellitus 2 (3%) 

     Hyperlipidemia 17 (27%) 

     Hypertension 17 (27%) 

     Smoking 44 (70%) 

Time to reperfusion (h) 3.5 ± 3.1 

Maximum total creatine kinase (U/L) 3,166 ± 1,897 

Infarct-related artery  

     Left anterior descending 42 (67%) 

     Left circumflex 7 (11%) 

     Right coronary 14 (22%) 

Platelet glycoprotein IIb/IIIa inhibitors  52 (83%) 

TIMI flow grade after PCI   

     2 11 (17%) 

     3 52 (83%) 

Medication at discharge  

     Aspirin 63 (100%) 

     Clopidogrel 63 (100%) 

      β-blockers 63 (100%) 

     Statins 63 (100%) 

     ACE inhibitors and/or ATII-antagonists 52 (83%) 

Values are presented as number (%) or mean±SD. ACE = angiotensin-converting en-

zyme; ATII = angiotensin II receptor; PCI = percutaneous coronary intervention; TIMI 

= Thrombolysis In Myocardial Infarction. 
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Results 

Baseline characteristics and medications are listed in Table 1. Seven patients did not undergo 
follow-up MR imaging and were therefore excluded from analysis (refusal of follow-up in 3 
patients, claustrophobia in 1, cardiac death in 2, and noncardiac death in 1). Forty-two 
patients had anterior acute MI and 21 patients had inferior or lateral wall acute MI. All pa-
tients had single-vessel disease. Patient mean age was 55 years (range, 33–84 years), mean 
age for men was 55 years (range, 33–84 years), and mean age for women was 53 years (range, 
47–59 years). The mean time from symptom onset to treatment was 3.5±3.1 h. Fifty-two (83%) 
patients had Thrombolysis in Myocardial Infarction flow grade 3 after percutaneous coronary 
intervention, and 11 (17%) had flow grade 2. All patients were taking aspirin, clopidogrel, β-
blockers, and statin therapy at discharge. MR examinations were performed 5±2 days and 
117±22 days after primary percutaneous coronary intervention. There was no reinfarction, 
revascularization, or hospitalization for heart failure between the baseline and follow-up MR 
examinations in the remaining 63 patients. No patient was excluded from analysis because of 
insufficient image quality. 
 
Assessment of hypoenhancement and prediction of LV remodeling 
Hypoenhancement was assessed on the first-pass perfusion images at a mean time of 
1.09±0.07 minutes after contrast agent injection. Early hypoenhancement was present in 
44 (70%) of 63 patients. Intermediate enhancement imaging was assessed at 2.17±0.26 
minutes after contrast agent administration, and intermediate hypoenhancement was 
present in 39 (62%) patients. All patients with intermediate hypoenhancement also showed 
early hypoenhancement. Hypoenhancement seen on late enhancement images was as-
sessed at a mean time of 13.32±1.26 minutes and late hypoenhancement was present in 37 
(59%) patients. All patients with late hypoenhancement also had early and intermediate 
hypoenhancement. An example of a patient with hypoenhancement seen by using all 
3 techniques is demonstrated in Figure 1. 
Table 2 shows the global LV index and infarct size, stratified by using presence of hypo-
enhancement by using the 3 imaging techniques, at baseline and follow-up imaging and the 
change over time (measured from baseline to follow-up). Early, intermediate, and late 
hypoenhancement were all significantly associated with increased LV volumes and de-
creased LV EF at follow-up in univariable analysis (p<0.01). Late hypoenhancement was the 
strongest predictor of indexed LV ED volume (β=31.2, r=0.49), ES volume (β=26.4, r=0.51), 
and LV EF (β=–8.7, r=–0.46) at follow-up (p<0.001 for all). Whereas early hypoenhancement 
was associated with an increase in ED and ES volumes (β=11.5, r=0.30, p=0.02 and β=9.6, 
r=0.35, p=0.005, respectively), it was not significantly related to the change in LV EF over time 
(β=–2.6, r=–0.22, p=0.08). Respectively, both intermediate and late hypoenhancement 
strongly predicted change in ED (β=12.9, r=0.36, p=0.004 and β=14.3, r=0.40, p=0.001) and 
ES volumes (β=10.8, r=0.42, p=0.001 and β=11.3, r=0.44, p<0.001) and similarly predicted the 
change in LV EF over time (β=–3.1, r=–0.29, p=0.02 and β=–2.8, r=–0.27, p=0.04). In summary, 
linear regression analysis revealed late hypoenhancement as the strongest predictor of LV 
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volumes and LV EF at follow-up and change in LV volumes over time, whereas the change in 
LV EF over time was best associated with intermediate hypoenhancement.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Assessment of hypoenhancement by using (a and d) first-pass perfusion and (b and e) intermediate and (c and f) 

late enhancement imaging in 2 patients at identical section locations. (a–c) Patient 1 shows zone of hypoperfused myocar-

dium at subendocardial layer (black arrowheads) of infarcted region (white arrowheads) with all 3 imaging techniques. (d–f) 

Patient 2 shows hypoenhancement on (d) first-pass perfusion and (e) intermediate enhancement images only. 

 
Table 2. Global LV index and infarct size stratified by presence of hypoenhancement at MR imaging. 

Measurements Early hypoenhancement  Intermediate hypoenhancement Late hypoenhancement 

 No (n=19) Yes (n=44) p value  No (n=24) Yes (n=39) p value  No (n=26) Yes (n=37) p value 

Baseline            

   LV ED volume (mL/m2)† 91.8 ± 26.9 103.2 ± 22.8 0.09  92.5 ± 24.7 104.3 ± 23.5 0.06  89.9 ± 25.5 106.8 ± 21.3 0.006 

   LV ES volume (mL/m2)† 50.9 ± 21.3 62.1 ± 20.1 0.05  51.4 ± 19.5 63.2 ± 20.7 0.03  49.9 ± 19.5 64.9 ± 19.9 0.004 

   LV EF (%) 46.4 ± 8.8 40.7 ± 8.7 0.02  45.9 ± 8.2 40.2 ± 9.0 0.02  45.9 ± 8.1 40.0 ± 9.0 0.01 

   Infarct size (% of LV) 8.4 ± 6.5 21.0 ± 8.0 <0.001  9.5 ± 6.7 21.9 ± 7.8 <0.001  9.4 ± 6.5 22.6 ± 7.3 <0.001 

Follow-up            

   LV ED volume (mL/m2)† 87.0 ± 24.3 109.9 ± 32.4 0.008  87.7 ± 22.7 112.4 ± 33.1 0.002  84.7 ± 24.4 115.9 ± 30.2 <0.001 

   LV ES volume (mL/m2)† 44.1 ± 17.9 64.9 ± 26.3 0.003  44.6 ± 16.6 67.2 ± 26.8 <0.001  43.1 ± 16.8 69.5 ± 25.6 <0.001 

   LV EF (%) 50.5 ± 8.6 42.2 ± 8.9 0.001  50.2 ± 8.1 41.4 ± 8.8 <0.001  49.9 ± 8.0 41.1 ± 8.8 <0.001 

   Infarct size (% of LV) 6.3 ± 5.2 16.1 ± 8.2 <0.001  7.1 ± 5.5 16.8 ± 8.2 <0.001  7.0 ± 5.2 17.4 ± 8.0 <0.001 

Change over time            

   LV ED volume (mL/m2)† –4.8 ± 13.8 6.7 ± 18.3 0.02  –4.7 ± 12.4 8.2 ± 18.9 0.004  –5.2 ± 12.0 9.1 ± 18.9 0.001 

   LV ES volume (mL/m2)† –6.8 ± 9.5 2.8 ± 12.8 0.005  –6.8 ± 8.6 4.0 ± 13.1 0.001  –6.7 ± 8.2 4.5 ± 13.2 <0.001 

   LV EF (%) 4.1 ± 7.0 1.6 ± 4.3 0.08  4.3 ± 6.2 1.2 ± 4.3 0.02  4.0 ± 6.0 1.2 ± 4.5 0.04 

   Infarct size (% of LV) –2.1 ± 2.1 –4.9 ± 3.1 0.001  –2.4 ± 2.1 –5.1 ± 3.2 0.001  –2.4 ± 2.1 –5.2 ± 3.2 <0.001 

Data are the mean±SD. Hypoenhancement time after contrast injection: early, 1.09±0.07 minutes; intermediate, 

2.17±0.26 minutes; and late, 13.32±1.26 minutes; †Indexed for body surface area. ED = end-diastolic; EF = ejection 

fraction; ES = end-systolic; LV = left ventricular. 

A B C

D E F
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Table 3 demonstrates the changes of LV volumes, LV EF, and infarct size over time, stratified 
by the presence of hypoenhancement for each technique. One-way between-group analysis 
of variance revealed differences in the temporal change in ED volumes (p=0.01), ES volumes 
(p=0.005), and infarct size (p=0.003) among the groups, with significant differences between 
patients without hypoenhancement and those with late hypoenhancement in post hoc 
analysis. The difference in the change in LV EF between the patient groups did not reach 
significance (p=0.16). 
 
Table 3. Change in global LV index and infarct size between baseline and follow-up examinations. 

Change over time  

No 

hypoenhancement 

(n=19) 

Early 

hypoenhancement 

(n=5) 

Early and intermediate

hypoenhancement 

(n=2) 

Early, intermediate, 

and late 

hypoenhancement 

(n=37) 

LV ED volume (mL/m2)*  –4.8 ± 13.8 –4.6 ± 5.5 –10.2 ± 1.1 9.1 ± 18.9 

LV ES volume (mL/m2)*  –6.8 ± 9.5 –6.8 ± 3.6 –5.9 ± 0.6 4.5 ± 13.2 

LV EF (%)  4.1 ± 7.0 4.8 ± 2.2 1.0 ± 0.6 1.2 ± 4.5 

Infarct size (% of LV)  –2.1 ± 2.1 –3.5 ± 2.0 –3.2 ± 2.9 –5.2 ± 3.2 

Data are the mean±SD. Changes stratified from patients with preserved microvasculature to a gradual increase in severity 

of microvascular injury after acute MI. One-way between-group analysis of variance revealed significant differences in the 

temporal change in ED volumes (p=0.01), ES volumes (p=0.005), and infarct size (p=0.003) between the groups but not 

in LV EF (p=0.16). *Indexed for body surface area. ED = end-diastolic; EF = ejection fraction; ES = end-systolic; LV = left 

ventricular. 

 
Comparison of contras- to-noise ratio 
Figure 2a displays the comparison between the absolute SNR values of infarcted myocardium 
and the MVO zone of the 3 MR imaging techniques. For equal comparison of the SNR of each 
technique, we corrected the SNR for the difference in spatial resolution. The comparison of 
the corrected SNR and CNR values are displayed in Figure 2b. There was a significant differ-
ence in absolute and corrected SNR and CNR values for the detection of hypoenhancement 
among the 3 techniques (p<0.001). The CNR, corrected for spatial resolution, was significantly 
higher for the detection of late hypoenhancement than for intermediate and early hypoen-
hancement (104±51 vs 38±17 and 8±4, respectively; p<0.001). 
 
Discussion 

In our study, we evaluated 3 MR imaging techniques for the detection of MVO and their 
significance in relation to LV remodeling in a uniformly treated patient group after acute MI. 
We found that all 3 techniques are predictive of LV volumes at follow-up and of the change in 
LV volumes over time. Whereas intermediate and late hypoenhancement predict both LV EF 
at follow-up and change in LV EF over time, early hypoenhancement was only prognostic for 
LV EF at follow-up. Furthermore, absolute and corrected SNR and CNR values used to distin-
guish the MVO region from surrounding tissue were highest by using late gadolinium en-
hancement. Therefore, we recommend late gadolinium enhancement as the preferred 
technique to evaluate microvascular injury in patients after acute MI. 
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Figure 2. (A) Comparison of SNR and CNR values for first-pass perfusion imaging and intermediate and late gadolinium 

enhancement. (B) Comparison of SNR and CNR values for first-pass perfusion and intermediate and late gadolinium enhance-

ment imaging, corrected for difference in spatial resolution. NS =  not significant. 

 
Pathophysiology and significance of MR hypoenhancement 
Experimental studies have shown a strong similarity between the location of the hypoen-
hanced regions seen on MR images 1–2 minutes after contrast agent injection and histologic 
no-reflow regions (absence of thioflavin deposition).10 The myocardial blood flow in these 
regions with hypoenhancement is lower when compared with viable myocardium.10,25 
Additionally, it was observed that image intensity in the MVO region before contrast agent 
administration is not lower when compared with viable myocardium, suggesting that 
hypoenhancement is related to delayed contrast penetration in these regions, rather than a 
baseline abnormality.10 The regions of hypoenhancement were most apparent during the 
first 2 minutes after contrast agent administration and demonstrated a slow increase in 
image intensity throughout the 15 minutes of image acquisition. The same group reported in 
a clinical study that hypoenhancement seen 1–2 minutes after contrast agent administration 
was associated with more frequent cardiovascular complications, even after controlling for 
infarct size.3 Although Baks et al.15 found no additional prognostic value of MVO with respect 
to functional recovery, others have shown, in larger study populations, that microvascular 
injury independently predicts outcome after acute MI.3,12,26,27 
 
Assessment of MR hypoenhancement 
Studies comparing different MR imaging techniques for MVO detection have shown that the 
prevalence of hypoenhancement during first-pass perfusion is higher than at late gadolinium 
enhancement, suggesting that first-pass imaging should preferably be used to visualize 
MVO.28,29 Although both MR imaging techniques have been shown to visualize microvascular 
injury, the images are influenced by different aspects. Most important is the timing after 
contrast agent injection. Gadolinium extravasates from the blood pool to the interstitium and 
to myocytes with disintegrated membranes, followed by a slow wash-in to the infarct core by 
means of diffusion. Lack of contrast medium wash-in of areas with microvascular injury is 
primarily observed on the first-pass perfusion images. Depending on the severity of mi-
crovascular injury and the rate of ongoing contrast medium diffusion, the hypoenhanced 
defect may then persist during intermediate and late enhancement imaging. The technical 
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aspects of the MR imaging sequence have an effect on the visualization of MVO, such as a 
dynamic or static approach, differences in SNR and CNR, differences in spatial resolution and 
coverage of the LV. Currently, the best combination of timing and technique with respect to 
LV remodeling has not been determined. 
 
MR hypoenhancement and functional recovery 
In accordance with previous studies, our results indicate that early hypoenhancement is 
more often observed than are hypoenhanced areas during late gadolinium enhancement 
(70% vs 59%). The prevalence of intermediate hypoenhancement is 62%. Although first-pass 
perfusion and intermediate enhancement imaging may seem more sensitive to help diag-
nose microvascular injury, we have demonstrated that persistence of the hypoenhanced 
defect is the most important determinant for functional outcome. Patients with late hypoen-
hancement had larger infarcts, worse indices of LV remodeling, and significantly lower 
improvement of LV function over time. Additionally, we observed that in contrast to patients 
with late hypoenhancement, patients with early and intermediate hypoenhancement had 
imaging results similar to patients without any hypoenhancement, with respect to LV indices 
and functional recovery. A more severely injured myocardium with overt microvascular injury 
at late imaging may therefore be clinically more important than the mere presence of some 
hypoenhanced areas that easily fill in with contrast material after a short delay, which may 
also explain the lack of predictive value of first-pass perfusion imaging, as found in Baks 
et al.15 
Therefore, we recommend late gadolinium enhancement as the preferred MR imaging 
technique for evaluation of microvascular injury after acute MI. Furthermore, late enhance-
ment offers information on infarct size, extent of infarction, and other sequelae of myocardial 
infarction (eg, thrombus and right ventricular involvement) that improve the risk stratifica-
tion of these patients. The value of late gadolinium enhancement in evaluating MVO and LV 
recovery may be greatest as an endpoint assessment tool in trials of putative mechanical, 
pharmacologic, and biologic therapeutics to limit myocardial injury after acute myocardial 
infarction. 
Our study had limitations. Since we performed gadolinium-enhanced imaging from contrast 
agent injection for approximately 15 minutes at 3 points, we cannot exclude that later 
acquisition would have influenced (eg, increased) the predictive value of late hypoenhance-
ment. The difference in the number of patients with hypoenhancement per MR imaging 
technique is small (44, 39, and 37 patients with early, intermediate, and late hypoenhance-
ment, respectively). Consequently, the differences in predictive value of the techniques are 
small. Future research is therefore necessary to confirm these findings and investigate the 
significance for long-term clinical outcome in larger patient populations. 
In conclusion, we directly compared 3 cardiac MR imaging techniques to determine the 
optimal timing for detecting MVO, and its significance in relation to short-term functional 
outcome in a uniformly treated patient group after acute MI. Our results suggest that pres-
ence of hypoenhancement on late gadolinium-enhanced images is the best prognostic 
marker of LV remodeling, with highest CNR between the infarct and MVO areas. We therefore 
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recommend late gadolinium enhancement as the preferred technique to evaluate microvas-
cular injury in patients after acute MI. 
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Abstract 

Background  

Recently, several preliminary reports have demonstrated that cell transplantation after acute 
myocardial infarction in humans is safe and leads to better preserved left ventricular function 
and improved myocardial perfusion and coronary flow reserve. 

Methods  

The HEBE trial is a multicenter, prospective, randomized, 3-arm open trial with blinded 
evaluation of endpoints. Patients with acute large myocardial infarction treated with primary 
percutaneous coronary intervention (PCI) will undergo magnetic resonance imaging (MRI) 
and echocardiography. A total of 200 patients are randomized to treatment with (1) intra-
coronary infusion of autologous mononuclear bone marrow cells, (2) intracoronary infusion 
of peripheral mononuclear blood cells, or (3) standard therapy. Mononuclear cells are iso-
lated from bone marrow aspirate or venous blood by density gradient centrifugation. Within 
7 days after PCI and within 24 h after bone marrow aspiration or blood collection, a catheteri-
zation for intracoronary infusion of the mononuclear cells in the infarct-related artery is 
performed. In all patients, follow-up will be obtained at 1, 4, and 12 months. MRI and cathe-
terization are repeated at 4 months, and all images are analyzed by a core laboratory blinded 
to randomization. The primary endpoint of the study is the change in regional myocardial 
function in dysfunctional segments at 4 months relative to baseline, based on segmental 
analysis as measured by MRI. 

Conclusion  

If intracoronary infusion of autologous mononuclear bone marrow cells or peripheral mono-
nuclear blood cells is proven to be beneficial after primary PCI; it could be a valuable tool in 
preventing heart failure-related morbidity and mortality after myocardial infarction. 
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Introduction 

Numerous studies have shown that prompt reperfusion of the coronary arteries reduces early 
mortality and improves late clinical outcome in patients with acute myocardial infarction. 
However, an increasing number of patients suffer from symptoms of heart failure because of 
postinfarct deterioration of left ventricular function. 
To challenge these ever-growing problems, the concept of improving left ventricular func-
tion after reperfusion therapy by bone marrow-derived progenitor cell infusion has been 
advocated.1–4 
 
Background 
Different mechanisms by which bone marrow-derived progenitor cells may induce a benefi-
cial effect have been suggested: (1) enhanced neovascularization after release of angiogenic 
and arteriogenic cytokines by the injected mononuclear cells, (2) enhanced scar tissue for-
mation after the inflammatory response, (3) decreased apoptosis, and (4) myocardial regen-
eration. 
Research on potential cardiac myocyte regeneration is currently ongoing and has reared 
both positive5 and negative6–8 results. However, despite this ongoing dispute regarding the 
regeneration hypothesis, neovascularization is generally accepted to be an important 
mechanism of the documented functional recovery of left ventricular function in various in 
vitro and in vivo research.9 
 
Initial experience 
Several preliminary reports in humans have demonstrated that local progenitor cell infusion 
in patients with acute myocardial infarction is safe and may lead to better preserved left 
ventricular function and improved myocardial perfusion and coronary flow reserve.10–14 In 
detail, Schachinger et al.11 reported that intracoronary infusion of adult progenitor cells was 
associated with a significant increase in global left ventricular ejection fraction, an improve-
ment in wall motion abnormalities in the infarct area, and a significant reduction in end-
systolic left ventricular volumes 4 months after acute myocardial infarction. The improved left 
ventricular function was accompanied by complete normalization of coronary flow reserve in 
the infarct-related artery and by significant increases in myocardial viability within the infarc-
ted segments, as assessed by F-18-fluorodeoxyglucose-positron emission tomography.13 
Likewise, Strauer et al.10 have reported a beneficial effect on myocardial perfusion after the 
infusion of bone marrow-derived progenitor cells into the infarct-related artery of patients 
with an acute myocardial infarction. These findings were corroborated by the results of a 
small, nonblinded randomized trial by Wollert et al.14 A short overview of the currently 
available main studies in humans is provided in Table 1. The principal limitation of most 
previously conducted studies is that these studies are small and/or noncontrolled, have not 
included an appropriate control group, and were all performed in a single center.  
 



Chapter 13 188 

Table 1. Overview of studies of intracoronary infusion of autologous bone marrow in patients after acute myocardial infarction. 

Reference/study n Design 
Days 

after MI

Follow-up 

(months)
Results 

Strauer et al.10 20 Sequential BMC (10) than 

control (10); single center 

8 3 Decreased infarct region and ESV on LV 

angiography; increased regional contractil-

ity on LV angiography; improved perfusion 

on scintigraphy; increased stroke volume 

index on RV catheterization 

Schachinger et al.11 

“TOPCARE-AMI” 

59 Randomized; BMC (n=29) vs 

CPC (n=30); open-label; single 

center 

5 12 Decreased ESV on LV angiography; 

increased LVEF on LV angiography and MRI 

Wollert et al.14  

“BOOST” 

60 Randomized; BMC (n=30) vs 

control (n=30); open-label; 

single-center 

5 6 Increased LVEF on MRI 

Fernández-Avilés  

et al.16 

20 Nonrandomized; single-center 14 11 Increased LVEF on MRI; increased regional 

contractility on MRI 

Janssens et al.17 67 Randomized; BMC (n=33) vs 

control (n=34); double-blind; 

single-center 

1 4 Decreased infarct size on late gadolinium-

enhanced images on MRI 

Bartunek et al.18 35 Case-matched; CD133+ (n=19) 

vs control (n=16); open-label; 

single-center 

12 4 Increased LVEF on LV angiography; 

increased in-stent restenosis 

MI = myocardial infarction; BMC = bone marrow cells; ESV = end-systolic volume; LV = left ventricular; RV = right 

ventricular; CPC = cultivated circulating progenitor cells from peripheral blood; LVEF = left ventricular ejection fraction; 

MRI = magnetic resonance imaging. 

 
Mononuclear cells  
In experimental and clinical studies, unselected mononuclear bone marrow cells as well as 
specific subpopulations (including endothelial progenitor cells, hematopoietic progenitor 
cells, and mesenchymal stem cells) are used for transplantation. So far, there are no conclu-
sive data which indicate that a particulate cell population should be preferred for intracoro-
nary transfer in the subacute phase of an acute myocardial infarction because it promotes 
the best functional recovery of the left ventricle. Progenitor cells, characterized by expression 
of the CD34 and CD133 antigens, are only a small fraction of all mononuclear cells found in 
bone marrow. Even after density gradient centrifugation, these cells remain a small fraction 
of the final cell suspension, which is infused. Because the paracrine function of the injected 
cells is considered as an important mechanism and all mononuclear cells are capable of 
releasing vast amounts of growth factors and cytokines, it has been suggested that the 
potential beneficial effects can be attributed to the combined effects of all infused mononu-
clear cells, rather than the progenitor cell subpopulation.15 
 
Current study design 
These considerations constituted the rationale for a randomized controlled trial to determine 
the effect of intracoronary infusion of mononuclear cells in patients with acute myocardial 
infarction, treated by percutaneous coronary intervention (PCI), in a multicenter design. To 
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distinguish between the effect of progenitor cells and other mononuclear cells on cardiac 
function, patients will be randomized to be treated with either intracoronary infusion of bone 
marrow-derived mononuclear cells (including hematopoietic progenitor cells), mononuclear 
blood cells derived from peripheral blood, or standard therapy.  
 
Methods 

Overview 
The HEBE trial is a multicenter, prospective, randomized open trial with blinded evaluation of 
endpoints, with participation of hospitals with coronary intervention facilities in the Nether-
lands. To be eligible for participation in the study, patients have to meet the inclusion and 
exclusion criteria listed in Tables 2 and 3. A total of 200 patients will be randomly assigned to 
treatment with mononuclear bone marrow cells or peripheral mononuclear blood cells or to 
standard therapy (ratio 1:1:1). A flow chart of the study design is shown in Figure 1.  
 

Table 2. Inclusion criteria. 

Inclusion criteria 

PCI within 12 h of onset of symptoms 

Successful treatment of a culprit lesion in the LAD, RCA or RCX (segment 1, 2, 3, 6, 7, 11, 12 or 13 

according to the CASS quantification) 

A stent diameter ≥3.0 mm 

At least 1 CK and/ or CK-MB measurement 10 times higher than the local upper limit of normal 

Hypokinesia or akinesia of ≥3 segments using a 16-segment model documented by routine resting 

echocardiography at least 12 h after primary PCI 

Clinically and hemodynamically stable over the previous 12 h preceding informed consent 

Cell infusion can be scheduled within 7 days after primary PCI 

LAD = left anterior descending coronary artery; RCA = right coronary artery; RCX = ramus cir-

cumflexus; CASS = Coronary Artery Surgery Study; CK = creatine kinase; PCI = percutaneous 

coronary intervention 

 
Patients and enrolment  
Patients with an acute, large myocardial infarction treated by primary PCI of one of the 
predefined coronary artery segments are potential candidates for the study. All patients are 
treated with aspirin, heparin, and clopidogrel, according to Dutch practice guidelines. Con-
centrations of creatine kinase and its MB isoenzyme are measured at hospital admission and 
every 6 h for 48 h. 
Before randomization, and at least 12 h after PCI, resting echocardiography is performed in 5 
standard views (parasternal long and short views and apical 4-, 2-, and 3-chamber views). If 
there are ≥3 hypokinetic, akinetic, or dyskinetic segments using a 16-segment model, and all 
inclusion and exclusion criteria are met, the patient is asked for written informed consent, as 
required by the institutional review board in accordance with the Declaration of Helsinki.  
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Table 3. Exclusion criteria. 

Exclusion criteria 

Age <30 or >70 years 

Cardiogenic shock or treatment with intra-aortic balloon pump in 12 h preceding informed consent 

Thrombolytic therapy in the previous week 

Additional PCI in a vessel other than the vessel of primary PCI  

Anticipated percutaneous or surgical coronary intervention within the next 4 months  

Presence of supraventricular or ventricular arrhythmias 

An extended myocardial infarction, as evidenced by a new episode of chest pain with new ST-segment 

elevations and a new CK and/or CK-MB peak 

History of myocardial infarction, coronary artery bypass grafting, heart failure moderate to severe valve 

disease, cardiomyopathy or congenital cardiac disease 

Left ventricular ejection fraction <45% before current admission for myocardial infarction 

Blood transfusion in 24 h preceding informed consent 

Stroke or transient ischemic attack within 24 h preceding informed consent 

Inability to schedule the intracoronary infusion of the mononuclear cell suspension within 24 h after bone 

marrow aspiration or venous blood collection 

Contraindication for MRI 

Long-term use of anti-inflammatory medication, except for the use of nonsteroidal anti-inflammatory drugs 

Positive test(s) for HIV, hepatitis B virus or hepatitis C virus infection 

Known concomitant disease with a life expectancy of <1 year 

Enrolment in any other study 

 
Magnetic resonance imaging  
After written informed consent, magnetic resonance imaging (MRI) is performed in all pa-
tients at least 48 h after PCI. Patients are studied on a clinical 1.5- or 3.0-T scanner using a 4-
element phased array cardiac receiver coil. For functional imaging, electrocardiogram-gated 
cine steady-state, free-precession magnetic resonance images are obtained during repeated 
breath holds in the 3 standard long-axis views (4-, 3- and 2-chamber view). Contiguous short-
axis slices are acquired, covering the entire left ventricle from base to apex, to examine 
regional and global left ventricular function. Late gadolinium-enhanced (LGE) images are 
acquired 10 minutes after administration of a gadolinium-based contrast agent (Dotarem, 
Gorinchem, the Netherlands; 0.2 mmol/kg) with an inversion-recovery, gradient-echo pulse 
sequence to identify the location and extent of myocardial infarction. The data are obtained 
with slice locations identical to the functional images. All MRI images are sent to a core 
laboratory for quality control and blinded central analysis.  
The MRI data are analyzed using a dedicated software package (Mass, Medis, Leiden, the 
Netherlands). On the short-axis cine slices, the endocardial and epicardial borders are out-
lined manually in end-diastolic and end-systolic images, excluding trabeculae and papillary 
muscles. Assessment of global left ventricular function is obtained by calculating left ven-
tricular volumes, mass, and ejection fraction using the summation of slice method multiplied 
by slice distance. For analysis of segmental myocardial function, each short axis slice is 
divided in 12 equiangular segments, starting at the posterior septal insertion of the right 
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ventricle. Segmental wall thickening is expressed in absolute values (end-diastolic wall 
thickness subracted from end-systolic wall thickness (in mm)) and relative values (absolute 
wall thickening divided by end-diastolic wall thickness (%)). Areas of hyperenhancement are 
outlined, including central dark zones of microvascular obstruction, allowing to calculate 
total infarct size by summation of all slice volumes of hyperenhancement. The segmental 
extent of hyperenhancement is calculated by dividing the hyperenhanced area by the total 
area of the predefined segment (%). Because both cine and LGE image acquisitions are 
performed using identical slice positions within one imaging session, both data sets are 
matched per slice to combine functional and LGE information per segment. 

 
Figure 1. Study design. *Hemodynamic measurements during re-CAG are optional; †re-CAG for hemodynamic measurements 

is optional in the control group. CAG = coronary angiography; ETT = exercise tolerance test; MI = myocardial infarction.  

Bone marrow aspiration Collection of venous blood

Re-CAG, haemodynamic measurements* and 
cell infusion within 7 days post PCI

Re-CAG for haemodynamic 
measurements†

200 patients with a large MI treated by PCI within 12 h
after onset of symptoms

Clinically and haemodynamically stable for at least 12 h 
before inclusion

Echocardiography

Informed consent

MRI and echocardiography

Randomization

Bone marrow group Peripheral blood group Control group

Hospital discharge

1 months follow-up: visit to outpatient clinic and Holter

4 months follow-up: visit to outpatient clinic, MRI, re-CAG, echocardiography and ETT

12 months follow-up: visit to outpatient clinic, echocardiography and ETT

n = 67 n = 67 n = 66



Chapter 13 192 

For analysis of segmental function and segmental extent of hyperenhancement, the 2 most 
basal and 2 most distal slices are excluded because segmental evaluation at these levels is 
not reliable because of the left ventricular outflow tract and small diameter, respectively. 
Comparison of follow-up to baseline images is achieved by consensus of 2 observers using 
anatomic landmarks. Only segments with abnormal wall thickening at baseline are used for 
analysis of the primary endpoint. The change in regional myocardial function in dysfunc-
tional segments is defined as the percentage of segments with improved wall thickening at 
4 months of follow-up. 
 

Echocardiography 
Two-dimensional echocardiography with a phased array electronic ultrasound is also per-
formed at least 48 h after PCI. Standard parasternal long-axis and short-axis views are ac-
quired for the assessment of global and regional left ventricular function. Regional function is 
calculated using regional wall motion score (1=normal, 2=hypokinetic, 3=akinetic, and 
4=dyskinetic) and wall motion score index (sum of the segment scores/ number of segments 
scored) in a 16-segment model. Left ventricular volumes are assessed using the method of 
discs (Simpson’s Rule).  
 

Randomization and treatment 
When MRI and echocardiography are successfully performed, the investigator contacts the 
randomization service by telephone. Patients are randomized following a computer-
generated list to (1) intracoronary infusion of autologous mononuclear bone marrow cells, (2) 
intracoronary infusion of peripheral mononuclear blood cells, or (3) optimal medical treat-
ment without infusion of cells. All patients are treated with aspirin (at least 75 mg daily), 
clopidogrel (75 mg daily), aggressive lipid-lowering therapy, ACE inhibitors or angiotensin 
receptor II blockers, and β-blockers unless contraindicated.  
 

Cell material  
Collection of cells for intracoronary infusion is performed within 24 h of the anticipated time 
of cell infusion and only when tests for HIV, hepatitis B virus, and hepatitis C virus infection 
are known to be negative. Either 60 mL of bone marrow is aspirated from the iliac crest under 
local anesthesia or 150 mL of venous blood is collected, after which, it is transported to the 
local stem cell facility. Mononuclear bone marrow cells or peripheral mononuclear blood cells 
are isolated by density gradient centrifugation, and 15 mL of cell suspension is transported 
back for intracoronary infusion. The local stem cell facility forwards a small volume of the final 
cell suspension to a central laboratory for further characterization and analysis. 
 
Intracoronary cell infusion 
Intracoronary cell infusion is performed within 7 days after PCI. Before cell infusion, the 
patency of the stent in the culprit lesion of the primary PCI is visually assessed by coronary 
angiography of the infarct-related artery. Myocardial blush grade, collateral filling according 
to the Rentrop classification, the TIMI frame count, and TIMI flow grade are also evaluated 
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before cell infusion. Coronary pressure and/or flow measurements are performed before cell 
infusion in the centers where this technique is available.  
The cell suspension is infused into the infarct-related artery through the central lumen of an 
over-the-wire balloon catheter. During infusion, the balloon is inflated in the stented lesion 
with low pressure for 3 min. In 3 sessions of coronary occlusion, 15 mL of cell suspension is 
infused with interruptions of 3 min of reflow by deflating the balloon. 
 
Follow-up 
All patients are scheduled for follow-up visits at 1, 4, and 12 months after primary PCI. The 
visits consist of clinical evaluation, blood analysis, and 12-lead electrocardiogram; death, 
myocardial reinfarction, coronary artery bypass grafting, PCI, major arrhythmias, heart failure, 
coronary angiography, stroke, and hospital admission are documented. To assess whether 
treatment with intracoronary infusion of cells is associated with arrhythmia, 24-h Holter 
registration is obtained at 1 month after PCI. At 4 months, MRI is repeated, and all patients 
are scheduled to undergo coronary angiography to assess the patency of the infarct-related 
artery. Echocardiography and exercise tolerance tests are performed at 4 and 12 months of 
follow-up.  
 
Endpoints and statistical analysis 
The primary endpoint of the study is the change in regional myocardial function in dysfunc-
tional segments at 4 months relative to baseline, based on segmental analysis, as measured 
by MRI. All secondary endpoints are displayed in Table 4. They also include clinical, an-
giographic, echocardiographic, and MRI-related parameters. 
The primary analysis of the study consists of separate comparisons of the change in regional 
myocardial function between each of the active treatment groups and control. The compari-
son between the 2 active groups is a secondary analysis. For the analysis of binary endpoints, 
treatment comparisons will be performed using Fisher exact probability test. For continuous 
outcomes, independent samples t tests or a Mann–Whitney U test are used, as appropriate. 
For clinical outcomes such as the incidence of major adverse cardiac events, Kaplan–Meier 
curves displaying the pattern of events over the 4- and 12-month follow-up period are drawn.  
 
Sample size 
The study is powered for the change in global left ventricular ejection fraction at 4 months 
relative to baseline measured by MRI. With 60 patients in each study group, the study has 
90% power to detect a 6% difference in change in ejection fraction between active treatment 
and control (assuming a 2-sided α of 0.05 and an SD of 10% for the change in left ventricular 
ejection fraction). Based on the experience in previous studies, it is assumed that up to 10% 
of patients will be unevaluable with respect to the ejection fraction measurements. To 
maintain 90% power, an increase to a total of 200 patients is required. The ultimate decision 
about the sample size was based upon the consideration that the power of this study for the 
primary endpoint (the change in regional myocardial function in dysfunctional segments at 4 
months relative to baseline) will at least match the power for the secondary endpoint of the 
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change in global left ventricular ejection fraction. In addition, this study also has sufficient 
power for the more common endpoint of change in global left ventricular ejection fraction.  
 
Study organization and monitoring 
The HEBE trial is supervised by an executive committee and coordinated by a study coordina-
tion committee. Members of both committees are listed in the appendix. The steering com-
mittee is responsible for design and conduct of the study. An independent data and safety 
monitoring committee monitors the patient safety as the study progresses and reviews 
safety issues every 3 months. 
 
Current status  
The names of the 9 participating centers and their representatives are provided in the ap-
pendix. Recruitment will commence September 2005 and is expected to be completed 
September 2006. Analysis and reporting is to be completed by August 2007. 
 
Discussion 

The current study design, as outlined above, was drafted to investigate the effect of intra-
coronary infusion of mononuclear cells in patients with an acute myocardial infarction 
treated by PCI. In previously conducted studies (Table 1), autologous mononuclear bone 
marrow cells were infused intracoronary. As mentioned earlier, such a cell suspension con-
sists of a heterogeneous cell population including only a small percentage of hematopoietic 
progenitor cells. Because it seems unlikely that the improved cardiac function can be totally 
attributed to the formation of new cardiac myocytes or endothelial cells, the positive effects 
could also be a combined effect of all mononuclear cells through the release of growth 
factors and cytokines. To test this hypothesis, the current study design includes a separate 
arm in which patients are treated with peripheral mononuclear blood cells, following the 
same density gradient centrifugation and infusion protocols. 
In cardiac cell treatment, intracoronary infusion is generally accepted to be the optimal mode 
of delivery because it ensures that the cells reach the infarcted area without being locally 
invasive and, thus, avoiding the arrhythmogenic effects associated with intracardiac injection. 
In contrast, the time window for cell delivery is widely disputed. The rationale for choosing 
the time window in the current study design was that infusion within 48 h of the index 
myocardial infarction, as performed in the study by Janssens et al.,17 could lead to a subopti-
mal treatment effect because the inflammatory response peaks in the first 48 h after myocar-
dial infarction. This leads to increased debridement and formation of a fibrin-based 
provisional matrix. It was also contemplated that after 7 days, scar tissue formation would 
limit the effects of cell infusion. However, it needs to be stressed that the optimal time of cell 
delivery is not elucidated.  
The study design incorporates a control group to verify that any measured effect cannot be 
attributed to the natural course of disease after optimal standard care for myocardial infarc-
tion. The design of the study is not double-blind because the impact of implementing such a 
design is that all patients would have to undergo bone marrow aspiration, peripheral blood 
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collection, and repetitive coronary occlusion. Because there is no evidence in the current 
literature that suggests that bone marrow aspiration, infusion of the medium, or repetitive 
occlusion by balloon inflation 3 to 7 days after primary PCI has a positive effect on left ven-
tricular functional recovery, the decision was made not to expose the participating patients 
to more procedures than what was considered necessary for both executing the treatment to 
which the patient is randomized and obtaining a proper follow-up. To avoid bias in data 
analysis the blinded evaluation of the primary endpoint is performed by an independent MRI 
core laboratory. In addition, randomization is performed after baseline MRI assessment. 
However, the open-label study design compromises the validity of any quality of life or other 
self-assessment questionnaires.  
The aim of the study for inclusion is 200 patients, divided over 3 treatment arms. This number 
of patients exceeds any current study on the subject. To achieve these patient numbers 
within the predefined time constraints, a multicenter study design is implemented. Because 
multiple centers and stem cell facilities are involved, this study design also allows a more 
general feasibility assessment, in contrast to all previous single-center studies. The results 
from the current study will either further strengthen or weaken the growing body of evi-
dence concerning intracoronary cell therapy.  
 
Conclusions 

If intracoronary infusion of autologous mononuclear bone marrow cells or peripheral mono-
nuclear blood cells is proven to be beneficial after primary PCI, it could be a valuable tool in 
preventing heart failure-related morbidity and mortality after myocardial infarction. 
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Abstract 

Background  

Studies reporting the effect of mononuclear bone marrow cells (MBMC) therapy on im-
provement of left ventricular (LV) function have shown variable results. The HEBE trial is a 
large multicenter, randomized trial that currently enrolls patients. Prior to this trial we per-
formed a pilot study. This study was a pilot trial to determine safety and feasibility of intra-
coronary infusion of MBMC in patients with acute myocardial infarction (MI). 

Methods  

Twenty-six patients with a first acute MI were prospectively enrolled in 8 centers. Bone 
marrow aspiration was performed at a median of 6 days after primary PCI (interquartile range, 
5–7 days). MBMC were isolated by gradient centrifugation and were infused intracoronary 
the same day. All patients underwent Magnetic Resonance Imaging before cell infusion and 
after 4 months. Clinical events were assessed up to 12 months. 

Results 

Within 10 h after bone marrow aspiration, 246±133 x106 MBMC were infused, of which 
3.9±2.3 x106 cells were CD34+. In one patient, this procedure was complicated by local dissec-
tion. LV ejection fraction significantly increased from 45.0±6.3% to 47.2±6.5% (p=0.03). 
Systolic wall thickening in dysfunctional segments at baseline improved with 0.9±0.7 mm 
(p<0.001). Infarct size decreased 37% from 17.8±8.2 to 11.2±4.2 gram (p<0.001). During 12-
month follow-up, 3 additional revascularizations were performed and an ICD was implanted 
in one patient, 3 weeks after PCI. 

Conclusion  

In patients with acute MI, intracoronary infusion of MBMC is safe in a multicenter setting. At 
4-month follow-up, a modest increase in global and regional LV function was observed, with 
a concomitant decrease in infarct size. 
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Introduction 

Survival and prognosis of patients with an acute myocardial infarction (MI) have improved 
substantially by therapies aiming at prompt reperfusion of the infarct-related artery. None-
theless, myocardial necrosis starts rapidly after coronary occlusion. Despite sustained 
patency of the infarct-related artery, left ventricular (LV) remodeling after successful primary 
percutaneous coronary intervention (PCI) occurs in up to 30% of the patients leading to 
chamber dilation and contractile dysfunction.1,2 
Cell therapy as an adjunctive therapy to promote myocardial function after an acute MI has 
been widely studied in both experimental and clinical conditions. Results from experimental 
studies have shown that injection of (selected) bone marrow cells can improve myocardial 
function by inducing angiogenesis, inhibiting apoptosis, enhancing scar tissue formation and 
possible myocardial regeneration.3–6 However, recent clinical randomized controlled trials 
investigating the effect of intracoronary infusion of unselected bone marrow cells on en-
hancement of functional recovery in patients with acute MI have shown equivocal results.7–12 
In addition, the size of most trials was small. 
We therefore designed the HEBE trial and are currently enrolling 200 patients in this multi-
center, randomized controlled trial to evaluate the effect of bone marrow cell therapy on LV 
function after acute MI treated with primary PCI.13 Prior to the main trial, we performed a 
nonrandomized pilot trial in which all patients were treated with mononuclear bone marrow 
cells (MBMC) to assess the safety and feasibility of intracoronary cell infusion in a multicenter 
setting.  
 
Methods 

Patients and study protocol 
Between February and December 2005, 26 patients with first ST-segment elevation MI 
treated with primary PCI and stenting, were prospectively enrolled in 8 Dutch centers. Pa-
tients between 30 and 75 years of age were included if they met the following inclusion 
criteria: successful primary PCI with stent placement within 12 h after onset of symptoms, 
three or more hypokinetic or akinetic LV segments observed on resting echocardiogram 
performed at least 12 h after PCI, and an elevation of creatine kinase (CK) or CK-MB more than 
10 times the local upper limit of normal (ULN). Main exclusion criteria were hemodynamic 
instability, an anticipated PCI or coronary artery bypass grafting within the next 4 months, 
severe comorbidity, and contraindications for Magnetic Resonance Imaging (MRI). Patients 
were treated with aspirin, heparin, and clopidogrel, according to Dutch practice guidelines. 
Figure 1 shows the study design. All patients received intracoronary infusion of autologous 
MBMC. MRI was performed before cell infusion and at 4 months after inclusion. Patients were 
continuously monitored with telemetry after cell infusion until discharge and underwent 
24-h ECG monitoring at 1 month after treatment. Patients were seen at the outpatient clinic 
at 1, 4, and 12 months to assess their clinical status. 
This study complied with the principles set out in the declaration of Helsinki. All patients 
gave informed consent to the study protocol, which was approved by the local ethics com-
mittees of all participating centers. 
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Figure 1. Study design and trial profile. PCI = percutaneous coronary intervention; MRI = magnetic resonance imaging. 

 
Cell harvesting and intracoronary cell infusion 
Within 8 days after PCI, bone marrow aspiration and intracoronary cell infusion were per-
formed on the same day. Bone marrow aspirate was collected in a sterile container with 
heparin (concentration of 20 IE/mL) from the posterior iliac crest (~50 mL), and send to one of 
the 6 participating cell-processing laboratories. All laboratories are certified stem cell labora-
tories and are (or related to) a hematology laboratory that is qualified to perform FACS 
analysis for cell counting. Moreover, they are all engaged in programs for standardization of 
cell isolation procedures (by the ‘Werkgroep Stamcellaboratoria Nederland’, working group 
of the Dutch hemato-oncology association, HOVON) and for standardization of diagnostics 
including multiple tests of the same sample for CD34+ stem cell counting. MBMC were 
isolated by density gradient centrifugation using LymphoprepTM. After two washing steps, 
mononuclear cells were resuspended in 15–20 mL saline supplemented with 4% human 
serum albumine and 20 IE/mL sodium heparin. The number of nucleated blood cells was 
measured and the number of CD34+ cells and CD14+ cells were determined in the final cell 
suspension by FACS analysis according to the ISHAGE protocol.14 Bacterial and fungal cul-
tures of the clinically used cell preparations were performed afterwards and proved to be 
negative in all cell preparations. The protocol specified that cell infusion must take place 
within 4 h after preparation. 

26 patients with an acute myocardial infarction and
     successfully reperfused by PCI with stent placement
     and substantial myocardial injury

Informed consent obtained
Magnetic Resonance Imaging

Bone marrow aspiration and re-catheterization with
intracoronary cell infusion between 3–8 days after
primary PCI

24-h rhythm monitoring (1 month)
Magnetic Resonance Imaging (4 months) 
Clinical follow-up (1 year)

26 patients completed 1 year clinical follow-up 

24 patients had paired MRI studies 
     24 paired cine images
     19 paired late gadolinium-enhanced images 
     (5 patients were not included due to technical failure)

2 patients did not have paired MRI studies
     1 technical failure
     1 implanted Cardioverter-Defibrillator
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Prior to cell infusion, stent patency of the culprit lesion was visually assessed by coronary 
angiography of the infarct-related artery. Cell suspension was infused into the infarct-related 
artery through the central lumen of an over-the-wire balloon catheter as previously de-
scribed.15,16 In 3 sessions of coronary occlusion, interrupted by 3 min of coronary reflow, a 
total of 15–20 mL of cell suspension was infused in the infarct territory. 
 
Magnetic Resonance Imaging 
Patients were studied on a clinical 1.5 or 3.0 Tesla scanner using a 4-element phased array 
cardiac receiver coil. MRI acquisition involved a standardized protocol of which the details 
were published previously.13 In short, ECG-gated images were acquired during repeated 
breath-holds. Contiguous short axis slices were acquired using a segmented steady state free 
precession pulse sequence in multiple short axis views every 10 mm covering the entire left 
ventricle from base to apex, to examine regional and global LV function. Late gadolinium-
enhanced (LGE) images were acquired 10–15 min after administration of a gadolinium-based 
contrast agent (Dotarem, Guerbet; 0.2 mmol/kg) with a 2D segmented inversion recovery 
gradient-echo pulse sequence. All MRI images were sent to the core laboratory at VU Univer-
sity Medical Center for quality control and central analysis. 
MRI data were analyzed using a dedicated software package (Mass, Medis, Leiden, the Neth-
erlands). On short axis cine slices, the endocardial and epicardial borders were outlined 
manually in end-diastolic and end-systolic images, excluding trabeculae and papillary mus-
cles. From these LV volumes, ejection fraction (EF) and mass were calculated. For analysis of 
segmental myocardial function each short axis slice was divided in 12 equi-angular segments, 
starting at the posterior septal insertion of the right ventricle. Systolic wall thickening is 
expressed in absolute values (end-diastolic wall thickness subtracted from end-systolic wall 
thickness, mm). Dysfunctional segments were defined as segments with systolic wall thicken-
ing of <3 mm. For analysis of LGE images, areas of hyperenhancement were outlined includ-
ing central dark zones of microvascular obstruction, allowing calculation of total infarct size. 
Segmental extent of hyperenhancement was calculated by dividing the infarct area by the 
total area of the predefined segment (%). The extent was then graded according to the 
following classification: 0–25%, 26–75%, and 76–100% hyperenhancement. 
 
Statistical analysis 
Continuous baseline variables with normal distribution are expressed as mean SD and data 
with a non normal distribution are given as median value (25th–75th percentile). The paired 
samples t test was used to compare concentrations of cardiac enzymes before and after cell 
infusion, and differences in global and regional LV parameters between baseline and follow-
up. Linear nonparametric correlation was calculated by the Spearman correlation. All statisti-
cal tests were 2-tailed and statistical significance was set at p<0.05. Statistical analysis was 
done with the Statistical Package for Social Sciences software (SPSS 12.0 for Windows). 
Review Manager (RevMan 4.2 for Windows, The Cochrane Collaboration, http://www.cc-
ims.net/RevMan) was used for the meta-analysis. 
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Table 1. Baseline clinical and angiographic characteristics. 

 n=26 

Age (years) 54 ± 8 

Male gender 22 (85%) 

Body mass index (kg/m2 ) 27 ± 3 

Diabetes mellitus 0 (0%) 

Known hypertension 5 (19%) 

Family history of ischemic heart disease 14 (56%) 

Hypercholesterolemia 6 (23%) 

Current cigarette smoking 12 (46%) 

Median time from symptom onset to PCI (h) 2.8 (2.0–4.5) 

Infarct-related artery  

     Left anterior descending artery 16 (62%) 

     Left circumflex artery 4 (15%) 

     Right coronary artery 6 (23%) 

Multivessel disease 6 (23%) 

TIMI flow grade 3 after PCI 26 (100%) 

Type of stent  

     Bare metal 23 (88%) 

     Drug eluting 3 (12%) 

Median number of stents (range) 1 (1–4) 

Size of stent (mm) 3.3 ± 0.4 

Length of stent (mm) 24 ± 13 

Platelet glycoprotein IIb/IIIa inhibitors 19 (73%) 

Median maximum serum creatine kinase MB divided by 

local upper limit of normal 
24 (16–40) 

Values are expressed as number (%), mean±SD, or median (25th–75th percentile), 

unless otherwise specified. TIMI = Thrombolysis In Myocardial Infarction; PCI = percuta-

neous coronary intervention; MB = myocardial band. 

 
Results 

Baseline clinical and angiographic characteristics are shown in Table 1. Mean age was 54 
years; 85% were men; median time from symptom onset to PCI was 2.8 h; TIMI flow grade 3 
was documented in all patients after PCI; and two thirds of the patients had an anterior MI. 
During hospitalization patients received medication according to the current guidelines for 
MI. At discharge, all patients used clopidogrel and statins, 24 (92%) patients used aspirin, 3 
(12%) oral anticoagulation, 21 (81%) ACE inhibitors or angiotensin-receptor II antagonists, 
and 24 (92%) β-blockers. 
 
Cell infusion 
Bone marrow aspiration was performed 3–8 days after primary PCI (median 6, interquartile 
range, 5–7 days). The final cell suspension contained 246 133 x106 cells. This consisted of 
3.9 2.3 x106 (1.7 0.9%) CD34+ cells and 20.5 11.4 x106 (8.8 4.0%) CD14+ cells. The total 
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number of cells in the final cell suspension did not differ between laboratories (data not 
shown). No complications of the bone marrow aspiration procedure were noted. At the same 
day, intracoronary injection of MBMC into the infarct-related artery was performed. Median 
time from bone marrow harvest to cell infusion was 7 h (range 5–10). Concentration of CK or 
CK-MB divided by the local ULN was 0.66 0.26 before cell infusion, 0.80 0.59 (p=0.21) at 12 h 
after cell infusion, and 0.80 0.52 (p=0.15) at 24 h after cell infusion. A CK or CK-MB elevation 
between 1 and 2 times the ULN was detected in 4 patients and between 2 and 3 times the 
ULN in 1 patient. In 1 patient, cell infusion procedure was complicated by local dissection of 
the infarct-related artery, which was successfully treated by immediate stent implantation 
and no peri-procedural CK or CK-MB elevation occurred. No sustained ventricular arrhythmias 
were detected during in-hospital telemetric monitoring after cell infusion. 
 
Follow-Up 
At 4-month follow-up, 22 patients (85%) were in New York Heart Association (NYHA) class I 
and 4 patients (15%) were in class II. Twenty-three (88%) patients used aspirin, 5 (19%) oral 
anticoagulation, 15 (50%) clopidogrel, 24 (92%) ACE inhibitors or angiotensin-receptor II 
antagonists, 25 (96%) β-blockers, and 25 (96%) statins. 
Table 2 summarizes the adverse clinical events during 1-year follow-up. All patients were 
alive at 1 year after MI, and none had been lost to follow-up. None of the patients suffered a 
recurrent MI, and 3 patients underwent a second percutaneous revascularization. The rea-
sons were one stent thrombosis in a bare metal stent 11 weeks after inclusion and 2 de novo 
interventions. One patient required an implantable cardioverter-defibrillator 3 weeks after 
primary PCI because of nonsustained ventricular tachycardia and a severely depressed LV 
function. In the same patient, a nonsustained ventricular tachycardia was recorded during 
24-h ECG monitoring at 1 month. No episodes of sustained ventricular tachycardia or appro-
priate shocks were recorded during follow-up. In all other patients no ventricular arrhythmias 
occurred during 24-h ECG monitoring. 
 
 

Table 2. Clinical events during 1-year follow-up. 

 n=26 

Death 0 

Recurrent myocardial infarction 0 

Revascularization 3 

     Acute stent thrombosis 1 

     Target vessel, non-target lesion revascularization 1 

     Non-target vessel revascularization 1 

Documented ventricular arrhythmia treated by ICD 1 

Hospitalization for heart failure 0 

Stroke 0 

Cancer 0  

ICD = implantable cardioverter-defibrillator. 
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Magnetic Resonance Imaging 
Paired cine MRI images for global and segmental function were available in 24 patients and 
paired LGE images for infarct size in 19. Baseline MRI was performed at 4 1 days after PCI and 
at 136 18 days of follow-up. There was a significant increase in global LV EF from 45.0 6.3% 
to 47.2 6.5% (p=0.03; Table 3). There was no significant correlation between the change in EF 
and the total number of injected cells (r=–0.03, p=0.89), the number of CD34+ cells (r=–0.19, 
p=0.38), or the time from PCI to cell infusion (r=–0.07, p=0.76). Infarct size decreased 37% 
from 17.8 8.2 to 11.2 4.2 gram (p<0.001). The mean percentage of dysfunctional segments 
at baseline was 49 15%. Figure 2 shows the observed changes in systolic wall thickening 
during follow-up stratified by baseline function and by the extent of hyperenhancement. 
Systolic wall thickening in dysfunctional segments at baseline improved with 0.9 0.7 mm 
(from 1.3 0.4 mm to 2.2 0.8 mm, p<0.001). 
 
Table 3. Quantitative data from Magnetic Resonance Imaging (n=24). 

  Baseline Follow-up Change  p value 

LV ejection fraction (%)  45.0 ± 6.3 47.2 ± 6.5 2.2 ± 4.6  0.03 

LV end-diastolic volume index (mL/m2)  95.2 ± 15.4 101.6 ± 16.0 6.4 ± 10.2  0.005 

LV end-systolic volume index (mL/m2)  52.9 ± 14.0 54.3 ± 13.8 1.4 ± 7.6  0.39 

LV mass (g/m2)  65.3 ± 14.0 59.2 ± 11.1 –6.1 ± 6.6  <0.001 

Late gadolinium enhancement (gram), n=19  17.8 ± 8.2 11.2 ± 4.2 –6.6 ± 5.7  <0.001 

Late gadolinium enhancement (% of LV), n=19  13.2 ± 5.7 9.4 ± 3.8 –3.8 ± 3.3  <0.001 

LV = left ventricular. 

 

Figure 2. Change in systolic wall thickening after bone marrow cell injection in (A) dysfunctional segments at baseline vs 

normal segments (n=24) and in (B) dysfunctional segments stratified by extent of hyperenhancement (n=19). Improvement 

in systolic wall thickening was 1.0±0.6 mm in segments with 0–25% hyperenhancement, 0.9±1.2 mm in 26– 75% and 

1.0±1.4 mm in 76–100%. Base = baseline; ES = end-systolic; ED = end-diastolic; FU = follow-up; LGE = late gadolinium-

enhancement. 
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Discussion 

The findings of this study indicate that intracoronary infusion of autologous MBMC after 
recent MI is safe in a multicenter setting. At 4-month follow-up, a modest but significant 
increase in global and regional LV function was observed, with a concomitant decrease in 
infarct size. 
Since the first preliminary clinical studies of cell therapy in patients after acute MI have been 
published,15,16 more than 400 patients were treated with intracoronary injection of (selected) 
bone marrow cells in several nonrandomized and randomized controlled trials.7,9–12,15–23 
In none of these studies, complications of bone marrow aspiration were reported. In our pilot 
study one local dissection of the infarct-related artery occurred during cell infusion. This 
complication has been reported previously by others in 4 patients using the same technique 
for cell infusion.23,24 One patient in the study by Meluzin et al. developed a thrombus in the 
infarct-related artery in relation to cell infusion procedure.23 We noted a mild elevation of CK 
or CK-MB concentration above the ULN in 5 patients after cell infusion procedure corre-
sponding to minor myocardial damage. 
A potential arrhythmogenic effect of cell therapy has been described after autologous 
transplantation of cultured skeletal myoblasts.25 After intracoronary bone marrow cell infu-
sion, 1 patient developed ventricular fibrillation 1 day after cell infusion in the ASTAMI trial,9 
and a sustained ventricular arrhythmia occurred 2 days after infusion in the study by Bar-
tunek et al.17 In our trial, 1 of the 26 treated patients had a nonsustained ventricular tachycar-
dia during follow-up. We cannot exclude the possibility that cell treatment contributed to the 
observed arrhythmias in the different trials. However, in the randomized trials performed to 
date the occurrence of ventricular arrhythmias was not different between the bone marrow 
and control group and the number of observed arrhythmias in the nonrandomized trials was 
not unexpectedly high. 
Concerns have been raised about safety of cell therapy on the long-term because of reports 
of high rates of in-stent restenosis.17,26,27 Kang et al. reported in-stent restenosis in 7 of the 10 
patients treated with granulocyte-colony stimulating factor with or without additional 
intracoronary infusion.26 Bartunek et al. also observed in a nonrandomized pilot trial a surpris-
ingly high rate of 37% in-stent restenosis and 11% reocclusion in 19 patients treated with 
intracoronary injection of selected CD133+ bone marrow cells.17 The injected CD133+ cells 
carry a high angiogenic potential, and this might be an explanation for the proatherogenic 
effect in that study.27 None of the other trials reported higher rates of clinical or angiographic 
restenosis after injection of unselected bone marrow cells. In the double-blind REPAIR-AMI 
trial even a trend towards a reduction in target vessel revascularization was observed at 1-
year follow-up.28 In our study, we did not perform routine catheterization during follow-up, 
but in only 1 patient a target lesion revascularization was performed during 1-year follow-up. 
In spite of these results, the possibility that specific types of cell therapy may induce progres-
sion of atherosclerosis has been reported in preclinical studies.29 In conclusion, the number of 
patients that have been treated until now is only sufficient to derive preliminary data about 
the safety and feasibility of intracoronary injection of bone marrow cells. Large studies and 
long-term follow-up are needed to definitely establish its safety profile. 
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The treatment effect of bone marrow infusion after MI reported in the first nonrandomized 
trials was promising and suggested an improvement in global EF of ~6%. However, the 
results of the first randomized clinical trials are conflicting.7,9–11 Figure 3 shows a summary of 
the change in LV EF between baseline and follow-up in the published randomized controlled 
trials of intracoronary infusion of nonmobilized unselected bone marrow cells. The follow-up 
of these studies ranged from 4 to 18 months. Compared with control, bone marrow cell 
therapy significantly improved global LV EF by 2.3% (95% CI 0.8–3.8; p=0.002). None of the 
trials were powered to detect differences in clinical endpoints. However, the REPAIR-AMI trial 
showed a significant reduction in the occurrence of major adverse cardiovascular events. This 
raises the possibility that clinical benefits may exceed the modest improvement seen in 
ventricular function.28 
 

 

 

 

 

 

 

 

 

 

 

Figure 3. Estimation of the effect of intracoronary injection of nonmobilized bone marrow cells on LV ejection fraction after 

acute MI. Meta-analysis including current randomized controlled trials. Test for heterogeneity p=0.68 and test for overall 

effect p=0.002. Follow-up was 4 months in REPAIR-AMI trial and in the study by Janssens et al., 6 months in ASTAMI trial and 

in the study by Ge et al., and 18 months in the BOOST. Base = baseline; EF = ejection fraction; Δ = change from baseline to 

follow-up; WMD = weighted mean difference. 

 
We observed a modest increase in LV EF of 2.2%. However, this trial was not designed to test 
efficacy and we did not include a control group. Therefore, we cannot determine the role of 
additional treatment with bone marrow cells on the observed change in LV EF. This modest 
increase may be part of the natural course in patients treated by primary PCI, since change in 
EF in the control group in published randomized trials varied from –1.9% to +7.0%.9,12 This 
underscores the necessity of a randomized trial for an appropriate interpretation of the effect 
of cell therapy. 
The most notable result of our analysis of regional function is that improvement of systolic 
wall thickening in segments with 76–100% hyperenhancement is similar to segments with 
less transmural infarction. In the study by Janssens et al., cell therapy did not augment 
recovery of global LV EF, however they observed enhanced recovery of regional function in 
infarcted regions after cell transfer, especially in the most severely injured segments.10 
When comparing trials investigating bone marrow cell infusion, it is important to note that 
there are differences in patient selection and study design. For example there are differences 
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in timing of bone marrow aspiration and cell infusion (1 day to few weeks after reperfusion), 
cell types (nucleated cells, mononuclear cells or selected bone marrow cells), cell preparation 
protocol (overnight culture, storage medium), and used techniques to assess functional 
effects (echocardiography, LV angiography, gated SPECT, MRI). Although studies with intra-
coronary cell transplantation have used a similar technique to infuse bone marrow cells, the 
number of infused cells differs. Remarkable is the difference in recovery of MBMC by density 
gradient centrifugation from the same amount of bone marrow (36 x106 cells from 40 mL 
bone marrow in the study by Ge et al. to 236 x106 from 50 mL bone marrow in the REPAIR-
AMI trial). As shown by Seeger et al., isolation protocols are important and can have impact 
on the number of isolated cells and the functional activity of these cells.30 The number of 
injected MBMC and CD34+ cells in our current study were comparable with the REPAIR-AMI 
trial; 246 133 x106 vs 236 174 x106 and 3.9 2.3 x106 vs 3.6 3.6 x106.11 On the other hand, a 
recent meta-analysis found no relation between the number of cells and functional recov-
ery.31  
The major limitation of this pilot trial is the lack of a randomized control group, which did not 
receive intracoronary infusion of MBMC. However, this study was designed as a phase I safety 
and feasibility trial. Because multiple centers and stem cell laboratories are involved, this pilot 
study and the randomized HEBE trial allows a more general feasibility assessment, in contrast 
to all previous single-center studies. 
The aim of the HEBE trial is to include 200 patients, divided over three treatment arms. 
Patients will be randomized to be treated with either intracoronary infusion MBMC, mononu-
clear blood cells derived from peripheral blood, or standard therapy. The primary endpoint is 
the change in regional myocardial function in dysfunctional segments at 4 months relative to 
baseline, based on segmental analysis as measured by MRI.13 
In conclusion, our results of this uncontrolled study show that intracoronary infusion of 
autologous MBMC in patients after acute MI appears to be safe in a multicenter setting. At 4-
month follow-up, a modest increase in global and regional LV function was observed, with a 
concomitant decrease in infarct size.  
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Abstract 

Background  

Clinical trials showed contradictory results in functional recovery after intracoronary infusion 
of autologous mononuclear (bone marrow) cells in patients with acute myocardial infarction. 
A recent study suggests that this might be related to the isolation protocol used. In the 
Netherlands, a comparable randomized multicenter trial (HEBE) was designed. To validate 
the isolation method of bone marrow and peripheral blood-derived mononuclear cells, we 
compared our processing protocol with methods comparable to the ASTAMI (no beneficial 
effect) and the REPAIR-AMI study (beneficial effect). 

Methods and results 

The effect of several factors (density gradient, washing buffer and centrifugation speed) has 
been studied on recovery and function (migration and clonogenic capacity) of mononuclear 
cells. Significantly lower cell recoveries were found at a centrifugation speed of 250g, com-
pared to 600g or 800g, respectively. Furthermore, washing buffer without supplemented 
human serum albumin and heparin resulted in significantly lower cell recovery and func-
tional impairment as measured by clonogenic capacity. 

Conclusion  

The results of our study justify the cell-processing protocol as applied in the HEBE trial (600g, 
human serum albumin supplemented washing buffer). This protocol results in viable and 
functional cells of which the quantity and quality is at least comparable to a successful study 
like the REPAIR-AMI. 
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Introduction 

A number of clinical studies have been documented in which (subsets of) bone-marrow 
derived cells (BMC) are intracoronary administrated after acute myocardial infarction fol-
lowed by percutaneous coronary intervention (and which are reviewed in reference number 
1). Only part of the published studies are randomized, controlled trials2–6 and although the 
available evidence given in a recently published meta-analysis suggests that BMC transplan-
tation is associated with modest improvement in myocardial function, results from some of 
these studies are contradictory.7–9 The REPAIR-AMI trial, the largest study so far in which 204 
patients were randomized, showed that the absolute improvement of left ventricular ejection 
fraction was enhanced among patients treated with BMC compared to placebo.4,10 In the 
ASTAMI trial (n=101) no benefit of intracoronary BMC infusion was observed.11,12 In both 
these evaluated randomized, multicenter studies, the mononuclear cells were isolated with a 
gradient separation protocol and (sometimes after overnight storage) reinfused intracoro-
nary. However, there were differences between the cell isolation protocols used and Seeger 
et al. showed that these had a major impact on recovery, viability and functionality of the 
cells.13 
In the Netherlands, the HEBE trial was designed. The aim of the HEBE trial is to include 200 
patients, divided over 3 treatment arms. Patients are randomized to treatment with (1) intra-
coronary infusion of autologous BMC, (2) intracoronary infusion of autologous peripheral 
blood mononuclear cells (PBMC), or (3) standard therapy.14  
The mononuclear cells are isolated from the collected bone marrow or venous blood, by 
density gradient centrifugation. Lymphoprep is used as density gradient (separation medium) 
and saline supplemented with human serum albumin (HSA, 4% v/v) and heparin (0.4% v/v) as 
washing medium at a centrifuge speed of 600g. After processing, the cells are resuspended 
in saline with 4% HSA supplemented with heparin (0.4% v/v) and infused intracoronary at the 
day of collection.14  
To validate the isolation method of bone marrow and peripheral blood-derived mononuclear 
cells of the HEBE trial, we compared our processing protocol with the methods used in 
previous trials. Several quantitative and qualitative in vitro parameters were tested; cell 
recovery, viability, haematopoietic stem/progenitor cell (HSC) count and chemokine receptor 
(CXCR4) expression were determined by flow cytometric analyses. In addition, semi-solid 
Colony Forming Unit-Granulocyte-Macrophage (CFU-GM) cultures and a migration assay 
were performed to test the functionality of the isolated (progenitor) cells.  
Our study demonstrates that the cell-processing protocol applied in the HEBE trial results in a 
cell fraction of which the quantity and quality is at least comparable to a successful study like 
the REPAIR-AMI. We show that the choice of density gradient solution has no effect on cell 
recovery; however the composition of the washing medium and centrifugation speed di-
rectly influences cell recovery and functional activity of the isolated cells. 
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Methods 

Cell isolation protocols 
Bone marrow was collected from the sternum of patients undergoing cardiac surgery at the 
Academic Medical Center (AMC). The Medical Ethical Review Board of the AMC approved the 
protocol for collecting bone marrow for research purposes. Peripheral blood was drawn from 
healthy volunteers. All patients and volunteers gave written informed consent. 
First, cells were isolated from the heparinized material according to the scheme in Figure 1A. 
Bone marrow aspirate or peripheral blood was diluted in 0.9% NaCl, and mononuclear cells 
were isolated using (a) Ficoll, 20 min, 800g (Pharmacia Biotech, Uppsala, Sweden), washed 
with phosphate buffered saline (PBS), centrifuge speed 800g (REPAIR-AMI-like) or 
(b) Lymphoprep, 20 min, 800g (AXIS-SHIELD PoC AS, Norway), washed with 0.9% NaCl, 4% 
HSA, 0.4% heparin (20, IU/mL), centrifugation speed 250g (ASTAMI-like protocol) or 
(c) Lymphoprep and washed with 0.9% NaCl, 4% HSA, 0.4% heparin, centrifugation speed 
600g (HEBE protocol). Every bone marrow aspirate or peripheral blood sample was divided 
and processed in parallel according to all three protocols, resulting in 3 different cell fractions. 
Cell recovery and clonogenic potential of these samples were determined.  
For the experiments described in Table 1 and Figure 2, mononuclear cells from bone marrow 
aspirate or peripheral blood were isolated by density gradient centrifugation (centrifuge 
speed 800g) using (a) Lymphoprep or (b) Ficoll. Subsequently, mononuclear cells were 
divided into 2 equal volumes and washed once at 600g with either (a) NaCl supplemented 
with 4% HSA with 0.4% heparin or (b) PBS, resulting in 4 different cell fractions, which were 
separately used in the experiments. 
Cell recovery was determined by dividing the absolute number of cells after the subsequent 
isolation steps by the initial starting fraction.  
 
Colony forming unit-Granulocyte-Macrophage assay 
BMC were plated in duplicate in 35 mm tissue culture plates at concentrations of 1.0, 0.5 and 
0.25 x105 cells/mL, respectively, in MethoCult GF 4534 (StemCell Technologies, Vancouver, BC, 
Canada). Cultures were incubated for 12–14 days at 37°C in a 5% CO2 humidified atmosphere 
and colony forming units, identified as colonies of over 40 translucent cells, were scored by 
microscopy.  
 
Flow Cytometry 
Cell fractions were analyzed by fluorescence-activated cell sorting (FACS) using the following 
directly conjugated antibodies against human cluster of differentiation (CD) 34 (HSC marker, 
PE-labelled, Pelicluster, Sanquin, Amsterdam, the Netherlands), CD45 (Leukocyte marker, FitC 
labelled, BD biosciences, San Jose, CA, USA) and CXCR4 (the receptor for the CXC chemokine 
stromal cell derived factor-1 (SDF-1), APC labeled, BD Biosciences). Flow count beads (Beck-
man Coulter, Fullerton, CA, USA) were added prior flow cytometry to calculate the absolute 
number of cells. In addition, viability was tested by 7-Amino-Actinomycin D (7AAD) staining 
for non-viable cells (BD Biosciences).  
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Migration 
Migration assays were performed in Transwell plates (Costar, Cambridge, MA, USA) of 6.5 mm 
diameter filters with a pore size of 5 μm. The filters were coated O/N with fibronectin (Sigma, 
St Louis, MO, USA). Approximately 200,000 mononuclear cells  in 0.1 mL of assay medium 
(Iscove’s Modified Dulbecco’s Medium, 0.25% BSA) were seeded in the upper compartment 
and 0.6 mL of assay medium containing 100 ng/mL SDF-1 was added to the lower compart-
ment. The Transwell plates were incubated O/N (BMC) or 4 h (PBMC) at 37°C, 5% CO2. To 
analyze the migrated cells, FACS analysis was used. Cells prior and after migration in the 
lower well were stained for CD45, CD34 and CXCR4. In addition, to determine the percentage 
of migration, the absolute number of cells after migration was divided by the number of cells 
prior migration. From the BMC, the migration percentages of both leukocytes and HSC were 
determined.  
For PBMC, only the percentages of leukocyte migration could be determined, due to the 
small number of HSC in peripheral blood of healthy donors. Flow count beads were added to 
obtain absolute numbers of migrated cells. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Recovery and clonogenic potential of BMC and PBMC after cell isolation via the REPAIR-AMI-like, ASTAMI-like and 

HEBE protocol. (A) Schematic drawing of the used isolation protocols. (B,C) The recovery of mononuclear cells following the 

ASTAMI-like protocol was lower than the recovery of the REPAIR-AMI-like and HEBE protocols. (B) Bone marrow (BM) 

(29.0±5.1% vs 17.2±3.0% vs 24.0±3.7%, respectively, n=6). (C) Peripheral blood (PB) (33.4±5.5% vs 9.6±3.8% vs 

24.2±3.8%, n=3). (D) Clonogenic potential of BM cells. The REPAIR-AMI-like method shows a decreased colony formation 

compared to the ASTAMI-like and HEBE protocol (283±36 vs 513±137 vs 652±268 colonies per 105 cells, n=3), although this 

does not reach significance. *p≤ 0.05, **p<0.01, performed with t test. 

%
 R

ec
ov

er
y

%
 R

ec
ov

er
y

Nu
m

be
ro

f c
ol

on
ies

pe
r 1

05
BM

C

A B

C D



Chapter 15 216 

Statistical analysis 
Statistical differences were assessed using the paired t test or Wilcoxon signed rank test. 
Significance was assumed at a p value <0.05. Data are shown as mean±SEM. 
 
Results 

Comparison of the ASTAMI-like, REPAIR-AMI-like and HEBE isolation protocols - Recovery  
BMC and PBMC were isolated according to the schedule in Figure 1, resulting in 3 cell frac-
tions. As shown in Figure 1, the recovery of mononuclear cells following the ASTAMI-like 
protocol was lower than the recovery of the REPAIR-AMI-like and HEBE protocols. This holds 
true for bone marrow (Figure 1B, 17.2±3.0% vs 29.0±5.1% (p<0.01) vs 24.0±3.7% (p=0.05), 
respectively, n=6) and is even more pronounced for peripheral blood (Figure 1C, 9.6±3.8% vs 
33.4±5.5% (p<0.05) vs 24.2±3.8% (p<0.05), respectively, n=3). Since the media used in the 
ASTAMI-like method and the HEBE method are equal, the reduced cell recovery from the first 
is most likely caused by the lower centrifugation speed used during washing.  
 
Clonogenic potential 
A reliable measurement for the functionality of HSC is the clonogenic potential of the cells in 
a CFU-GM assay. Figure 1D shows that the clonogenic potential of the BMC isolated by the 
REPAIR-AMI-like method is lower than the BMC isolated via the ASTAMI-like and HEBE proto-
col (283±36 vs 513±137 vs 652±268 colonies per 105 cells, n=3), although this did not reach 
statistical significance.  
Since the ASTAMI-like isolation protocol and the HEBE isolation protocol differ from the 
REPAIR-AMI-like protocol in density gradient solution and the subsequent washing medium, 
it is likely that the difference in clonogenic outgrowth is caused by one of these variables.  
 
Comparison of density gradient solution and washing media - Recovery 
To validate our density gradient solution and washing media, cells from both bone marrow 
and peripheral blood were isolated following the scheme in Figure 2A. 
First the effect of the different density gradient solutions was studied. Figure 2B and C show 
the recovery of cells from both bone marrow and peripheral blood after density separation of 
mononuclear cells with either Ficoll or Lymphoprep. No significant difference in cell recovery 
was observed between separation by Ficoll or Lymphoprep (Figure 2B and C).  
Secondly, we determined the total cell recovery after density separation and a subsequent 
washing step. Since there was no difference in cell recovery between different density 
gradients, cell suspensions obtained after both Ficoll and Lymphoprep were used to deter-
mine the total cell recovery after washing. As shown in Figure 2D, a significant lower cell 
recovery was observed after the BMC were isolated and washed with PBS compared to NaCl 
with HSA and heparin (PBS 23.0±2.9% vs NaCl 27.2±3.0%, p<0.001, n=14). For peripheral 
blood, a comparable significant difference was observed (PBS vs NaCl: 16.0±1.6% vs 
20.9±1.3%, p<0.001, n=8, Figure 2E).  
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Figure 2. Recovery and clonogenic potential of BMC and PBMC after cell isolation with the conditions as drawn in (A). (B,C) 

Recovery after 2 different gradient separations: BMC (B) and PBMC (C) were isolated with both Ficoll and Lymphoprep. 

No difference in recovery was observed after the gradient separation. (D,E) Recovery of mononuclear cells after washing with 

either PBS or NaCl following Ficoll or Lymphoprep gradient separation. NaCl supplemented with HSA with heparin gives a 

significant higher recovery than PBS. Bone marrow (BM): 23.0±2.9% vs 27.2±3.0%, n=14 (D). Peripheral blood (PB): PBS vs 

NaCl: 16.0±1.6% vs 20.9±1.3%, n=8 (E). (F) Clonogenic potential of BMC after isolation via the 4 different protocols. 

NaCl induced a higher clonogenic outgrowth after Ficoll (337±72 vs 627±117 colonies per 105 cells, n=7) and Lymphoprep 

(400±93 vs 570±132 colonies per 105 cells, n=6). *p<0.05, **p<0.01, performed with t test. 

 
Colony forming unit-Granulocyte-Macrophage assay 
To determine clonogenic capacity after density separation and washing, cells from the 
4 conditions were plated in semi-solid medium. When the washing buffers were compared, 
the BMC showed a significantly lower colony formation after washing with PBS, this holds 
true for both Ficoll (337±72 vs 627±117 colonies per 105 cells; p<0.01, n=7, Figure 2F) and 
Lymphoprep (400±93 vs 570±132 colonies per 105 cells, p<0.05, n=6, Figure 2F) solution.  
 
Hematopoeitic (stem) cell viability, recovery and migration 
Since the washing medium has a major effect on cell recovery and CFU-GM potential, we 
determined whether it had impact on several other parameters as well. 
As can be observed in Table 1, the viability of the CD45+ leukocytes and the CD34+ cells did 
not differ between the separate conditions. Furthermore, we analyzed the percentage of 
CXCR4+ cells in the mononuclear cell fractions and CXCR4 expression on the leukocytes and 
CD34+ cells. The percentages of CXCR4+ leukocytes and CD34+ cells were significantly higher 
in BMC washed with NaCl supplemented with HSA and heparin. For PBMC the same trend is 
observed, although this did not reach significance. No significant differences were observed 
in the mean fluorescence intensity of the CXCR4 expression on CD34+ cells and leukocytes 
from both bone marrow and peripheral blood.  
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To test whether the different isolation methods were of influence on functional capacity of 
cells, migration experiments were performed. All conditions showed equal migration of the 
mononuclear cells from both bone marrow and blood, indicating that the diminished CXCR4 
expression is not reflected by a lower migratory capacity of the cells. 
 
Table 1. Properties of mononuclear cells from bone marrow (n=6) or peripheral blood (n=4) after 4 different isolation 

methods. 

 Ficoll  Lymphoprep 

  PBS NaCl, HSA, heparin  PBS NaCl, HSA, heparin 

Bone marrow CD45      

     Viability (%) 91.0 ± 3.6 92.7 ± 3.0  91.6 ± 3.8 92.9 ± 2.5 

     CXCR4+ (%) 11.8 ± 1.7 20.5 ± 2.3*  11.3 ± 1.9 19.7 ± 2.6* 

     CXCR4 MFI 7357 ± 1332 8961 ± 1722  8620 ± 1523 9640 ± 1928 

     Migration (%) 22.8 ± 8.2 25.7 ± 6.5  23.2 ± 6.6 30.4 ± 7.2 

Bone marrow CD34 (%) 1.87 ± 4.6 2.26 ± 0.50  1.99 ± 0.45 2.15 ± 0.44 

     Viability (%) 90.0 ± 2.9 94.6 ± 3.5  93.5 ± 2.2 95.2 ± 1.5 

     CXCR4+ (%) 12.4 ± 2.3  22.4 ± 4.7*  14.0 ± 2.6 29.3 ± 4.6* 

     CXCR4 MFI 3465 ± 769 3482 ± 643  3380 ± 691 5465 ± 1444 

     Migration (%) 35.9 ± 18.2 37.8 ± 11.3  30.3 ± 12.5 33.7 ± 8.0 

Peripheral blood CD45      

     Viability (%) 90.9 ± 3.5 96.0 ± 0.7  93.9 ± 1.8 94.3 ± 1.9 

     CXCR4+ (%) 21.7 ± 4.0 30.9 ± 4.9  21.9 ± 5.3 34.5 ± 5.4 

     CXCR4 MFI 1314 ± 224 1484 ± 83  1249 ± 203 1547 ± 123 

     Migration (%) 24.5 ± 6.4 22.8 ± 7.0  28.3 ± 4.2 27.9 ± 5.2 

Peripheral blood CD34 (%) 0.20 ± 0.04 0.11 ± 0.01  0.10 ± 0.02 0.14 ± 0.04 

     CXCR4+ (%) 9.6 ± 3.7 11.1 ± 8.0  4.8 ± 2.8 28.9 ± 14.0 

     CXCR4 MFI 756 ± 362 854 ± 439  627 ± 494 1799 ± 768 

Data are shown as mean±SEM. MFI = mean fluorescence intensity. *p<0.05 NaCl, HSA, heparin vs PBS, Wilcoxon signed 

rank test.  

 
Discussion 

The present study shows that the cell processing protocol as applied in the HEBE trial (600g, 
and HSA/heparin supplemented washing buffer) results in a viable and functional cell frac-
tion of which the quantity and quality is at least comparable to a successful study like the 
REPAIR-AMI. Moreover we show that the composition of the washing medium (and not the 
density gradient solution) affects the cell recovery and colony forming capacity of these cells. 
In the first part of the study, we compared our cell-processing protocol (Lymphoprep and a 
washing step at centrifugation speed 600g with NaCl supplemented with HSA with heparin), 
to conditions of the REPAIR-AMI trial (beneficial effect, Ficoll, PBS, 800g) and ASTAMI trial (no 
beneficial effect, Lymphoprep, NaCl with HSA, 250g). To avoid too many variables the tested 
protocols were not completely identical to the described study-protocols: for the ‘ASTAMI’ 
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conditions we used a higher (equal to HEBE protocol) HSA concentration (4% HSA instead of 
1% heparinized plasma (~0.4% HSA)). Since overnight storage is not applied in the HEBE 
protocol, we did not include an overnight step in our experimental set-up. 
The main observation is that the cell recovery of the ASTAMI-like method is significantly 
lower than that of the REPAIR-AMI-like and HEBE method. This is in concordance with the fact 
that number of infused cells described in the ASTAMI trial11 is approximately one third of the 
number of cells described in the pilot study of the HEBE trial, whereas the amount of bone 
marrow aspirated was similar (50 mL).15 The explanation for this lower cell recovery is most 
likely the lower centrifugation speed during washing, as was already suggested by Seeger et 
al.13 However, when the quality of the isolated cells was investigated by a colony forming 
assay, the REPAIR-AMI-like method gave a lower (but not significant) outgrowth of colonies 
then the HEBE and ASTAMI-like method. This indicates a role for the density gradient solution 
or the washing media, since these are the differing factors that might affect the quality of the 
cells.  
In the second part of our study we determined the influence of the washing media in a set-up 
without differing centrifuging speeds. No differences on cell recovery between Ficoll and 
Lymphoprep gradient separation were observed, which was to be expected, as both media 
contain identical concentration of ficoll and sodium diatrizoate.16 In contrast, the NaCl wash-
ing medium that was supplemented with HSA and heparin turned out to be superior as 
compared to PBS for the recovery of mononuclear cells and their CFU-GM forming capacity, 
while the viability was unaffected.  The unfavourable effect of PBS washing was also seen in 
the CXCR4 expression, which was decreased after washing with PBS, although this was not 
reflected in the migratory capacity of the cells. The negative effect of the PBS washing step 
can easily be explained by the fact that NaCl washing buffer was enriched with HSA and 
heparin, creating a more physiological environment for the cells. Thus for the HEBE trial we 
use a cell processing method that combines the best conditions from both the ASTAMI and 
REPAIR-AMI protocols. 
Differences in our experimental set-up (no use of bone marrow from healthy donors; no 
overnight storage) might explain our results that show an equal or even improved cell quality 
after using a method that resembles the ASTAMI protocol, which is in contrast to the findings 
of Seeger et al.13 The results from Seeger et al. were also based on in vivo experiments, which 
are not included in our experiments. 
Whether the results of our study can predict whether the experimental arms in the HEBE 
study will be beneficial is unknown. The cells responsible for a positive effect on cardiac 
repair are still unidentified. This study describes the functionality of mainly hematopoietic 
cells from the mononuclear cell fraction, while other candidate cells have been described 
that might influence cardiac repair e.g. endothelial progenitor cells,17,18 myeloid cells,19 and 
mesenchymal stem cells19–21 were not tested in our study. However, the cell suspensions that 
are infused in patients included in the HEBE trial will be analyzed for the presence of several 
subpopulations, which then can be (retrospectively) correlated to the clinical outcome. 
Hopefully these results will help us to identify specific mononuclear cell populations in 
peripheral blood and bone marrow that are most responsible for the observed clinical effects. 
Only than cell therapy for cardiovascular therapy can be optimized. 
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In conclusion, the isolation method used in the currently proceeding HEBE trial results in a 
mononuclear cell fraction consisting of viable and functional cells. The results of our current 
study justify the cell-processing protocol as applied in the HEBE trial (600g and HSA/heparin 
supplemented washing buffer). Also, no overnight storage as used in the ASTAMI and 
REPAIR-AMI study is included in our protocol, which is even more beneficial for the quality of 
the cells. However, it is currently unclear whether the differences between the cell isolation 
procedures are responsible for the contrasting outcomes in the clinical trials published so far. 
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Abstract 

Background  

Previous randomized trials that investigated the effect of intracoronary infusion of bone 
marrow cells after acute myocardial infarction (AMI) on myocardial function have shown 
conflicting results. 

Methods and results 

In a multicenter trial, 200 patients with large first AMI treated with primary percutaneous 
coronary intervention were randomly assigned to either intracoronary infusion of mononu-
clear bone marrow cells (n=69), mononuclear peripheral blood cells (n=66), or standard 
therapy (without placebo infusion)(n=65). Mononuclear cells were delivered intracoronary 
between 3 and 8 days after AMI. Regional and global left ventricular myocardial function and 
volumes were assessed by magnetic resonance imaging before randomization and at 4 
months, and clinical events were reported. The primary endpoint of the percentage of 
dysfunctional left ventricular segments that improved during follow-up, did not differ signifi-
cantly between either of the treatment groups and control: 38.6±24.7% in the bone marrow 
group, 36.8±20.9% in the peripheral blood group, and 42.4±18.7% in the control group 
(p=0.33 and p=0.14). Improvement of left ventricular ejection fraction was 3.8±7.4% in the 
bone marrow group, 4.2±6.2% in the peripheral blood group as compared with 4.0±5.8% in 
the control group (p=0.94 and p=0.90). Furthermore, the 3 groups did not differ significantly 
in changes in left ventricular volumes, mass and infarct size and had similar rates of clinical 
events. 

Conclusion  

Intracoronary infusion of mononuclear cells from bone marrow or peripheral blood following 
AMI does not improve regional or global systolic myocardial function. 
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Introduction 

Major advances in treatment for acute myocardial infarction over the past decades have 
translated into a considerable decline in mortality. However, an increasing number of pa-
tients suffers from symptoms of heart failure as a result of post-infarct ventricular remodel-
ing.1 In an attempt to address these problems, the use of cell therapy as an adjunctive 
therapy has been advocated.2,3 Recent randomized trials that investigated the effect of 
intracoronary infusion of bone marrow cells after primary percutaneous coronary interven-
tion (PCI) for acute myocardial infarction have shown conflicting results.4–8 A considerable 
degree of heterogeneity has been observed among these trials,9 and this may in part be 
explained by differences in cell isolation protocols, timing of cell infusion, patient selection, 
and the imaging modalities used to measure the treatment effect.7,10–12 
Several mechanisms by which cell therapy may enhance functional cardiac recovery have 
been suggested including cardiac and vascular regeneration. Alternatively, paracrine activi-
ties of the cells may be responsible for the functional recovery.13–15 So far, there are no con-
clusive data showing that a particular cell population should be preferred. In most clinical 
studies, unselected mononuclear bone marrow cells are used and progenitor or stem cells 
are only a small fraction of the infused bone marrow cells. Because the paracrine function is 
considered as an important mechanism,13 and all mononuclear cells are capable of releasing 
vast amounts of growth factors and cytokines, it has been suggested that the potential 
beneficial effects can be attributed to the combined effects of all infused mononuclear cells, 
rather than the small progenitor cell subpopulation present in the bone marrow.14 These 
considerations constituted the rationale for a randomized controlled trial with 3 arms.16 In 
addition to randomization to intracoronary infusion of mononuclear bone marrow cells or 
standard therapy, patients were randomized to a third arm in which we infused unselected 
mononuclear cells isolated from the peripheral blood. 
 
Methods 

The HEBE trial was a multicenter, randomized, open trial with blinded evaluation of end-
points. Between August 2005 and April 2008, 200 patients with first ST-segment elevation 
myocardial infarction treated with primary PCI and stent implantation, were enrolled in 
8 hospitals in the Netherlands. The design of the study has previously been published,16 and 
prior to participation all centers had to participate in a pilot trial.17 In summary, patients 30 to 
75 years of age were eligible for inclusion if they met the following inclusion criteria: success-
ful PCI within 12 h after onset of symptoms, 3 or more hypokinetic or akinetic left ventricular 
(LV) segments observed on echocardiography performed at least 12 h after PCI, and an 
elevation of creatine kinase (CK) or CK-MB more than 10 times the local upper limit of normal 
(ULN). Main exclusion criteria were hemodynamic instability, anticipated additional PCI or 
coronary artery bypass grafting within the next 4 months, severe comorbidity, and contrain-
dications for magnetic resonance imaging (MRI).  
The study complied with the principles set out in the Declaration of Helsinki. All patients gave 
informed consent. The study protocol was approved by the Institutional Review Boards of the 
participating centers.  
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Randomization and treatment 
Baseline MRI was performed at least 2 days after PCI. After MRI, on day 2 to 7, patients were 
randomly assigned in a 1:1:1 ratio to either intracoronary infusion of autologous mononu-
clear bone marrow cells, intracoronary infusion of mononuclear peripheral blood cells, or 
standard therapy (without placebo infusion). Permuted-block randomization was performed 
with stratification according to site, with the use of a computerized voice-response system. 
After randomization, study processes were not blinded. 
In the bone marrow and peripheral blood group, cell harvesting was performed within 8 days 
after primary PCI. Either, 60 mL of bone marrow was aspirated from the iliac crest under local 
anesthesia or 150 to 200 mL of venous blood was taken. Bone marrow or peripheral blood 
was collected in a sterile container with heparin and send to one of the 6 participating cell-
processing laboratories. In both groups, mononuclear cells were isolated by density gradient 
centrifugation using LymphoprepTM. After 2 washing steps, mononuclear cells were resus-
pended in 15 to 20 mL saline, supplemented with 4% human serum albumin and 20 I.E./mL 
sodium heparin.12,17 The number of nucleated blood cells was measured and the number of 
CD34+ cells and CD14+ cells were determined according to the ISHAGE protocol.18 A small 
sample of the bone marrow cells were shipped to the Sanquin Research, Amsterdam where 
the clonogenic potential was tested in a semi-solid Colony Forming Unit-Granulocyte-
Macrophage (CFU-GM) assay.12 All participating laboratories are accredited stem cell labora-
tories. We validated our isolation protocol with regard to the quantity and quality of isolated 
cells by comparing it with processing protocols used in other clinical trials for cell therapy.12 
Cell infusion was performed at the same day of harvesting in all but one patient in whom 
infusion was done the following day. Cells were infused into the infarct-related artery 
through the central lumen of an over-the-wire balloon catheter in 3 sessions of 3 minutes of 
coronary occlusion, interrupted by 3 minutes of coronary flow. The protocol specified ad-
ministration of heparin and nitroglycerin prior to coronary angiography. The level of CK-MB 
and/or CK was measured at 6-h intervals during the first 24 h after cell infusion.  
 
Magnetic resonance imaging 
MRI was performed at baseline and repeated after 4 months. Patients were studied on a 
clinical 1.5 or 3.0 Tesla scanner (193 and 7 patients, respectively). MRI acquisition and analy-
ses involved a standardized protocol published previously.16,17 In short, contiguous short axis 
slices were acquired every 10 mm covering the whole LV using a segmented steady state free 
precession pulse sequence. Late gadolinium enhancement (LGE) images were obtained 10 to 
15 minutes after administration of a gadolinium-based contrast agent (Dotarem, Guerbet; 0.2 
mmol/kg) using a 2D segmented inversion recovery gradient-echo pulse sequence, with slice 
position identical to the cine images.  
LV volumes and mass were measured on the cine images and indexed for body-surface area. 
LV ejection fraction (EF) was calculated. Infarct size was determined on the LGE images as 
previously described using a standardized and predefined definition of hyperenhance-
ment.16,19 For analysis of regional myocardial function, each short axis slice was divided in 
12 equi-angular segments to calculate wall thickening (in mm) of each segment by subtract-
ing end-diastolic from end-systolic wall thickness. Myocardial segments were considered 
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dysfunctional if segmental wall thickening was <3 mm.20 Improved wall thickening of a 
segment at follow-up was defined as >1.5 mm improvement in segmental wall thickening 
between baseline and follow-up.  
 
Endpoint measures 
The primary endpoint was the change in regional myocardial function in dysfunctional 
segments at baseline defined as the percentage of dysfunctional segments with improved 
segmental wall thickening at 4 months. Secondary endpoints included changes in absolute 
segmental wall thickening in dysfunctional segments, and changes in global LVEF, volumes, 
mass and infarct size. To assess clinical status and adverse events patients were seen at the 
outpatient clinic at 1 and 4 months after randomization. Recurrent myocardial infarction 
associated with cell delivery was defined as an increase of CK-MB levels of at least 3 times the 
ULN within 24 h after delivery. A clinical event committee independently adjudicated all 
potential clinical events. 
 
Statistical analysis 
We estimated enrolment of 60 patients in each study group to achieve a power of 90%, with 
a 2-sided significance level of 0.05, to detect a 6% difference in change in global LVEF be-
tween active treatment and control, assuming a standard deviation of 10%. It was assumed 
that up to 10% of patients would not have paired MRI studies and therefore a total of 200 
patients was required. The decision about the sample size was based upon the consideration 
that the power of this study for the primary endpoint would at least match the power for the 
secondary endpoint of the change in global LVEF.16 
All analyses were performed on the basis of the intention-to-treat principle. Categorical data 
are presented as frequencies (percentage) and continuous data as mean±SD (unless stated 
otherwise). The prespecified primary analysis consisted of separate comparisons of the 
endpoints between the 2 active treatment groups and control. For the comparison of 
changes in MRI variables between groups, analysis of covariance was used including treat-
ment group as the main factor and each baseline variable as a covariate. Paired Student’s t 
test was used to compare baseline and follow-up values within each study group.  
Furthermore, several baseline characteristics were examined for potential impact on primary 
and secondary endpoints. Subgroups were defined according to age, infarct-related artery, 
time to reperfusion, LVEF, LV end-diastolic volume, infarct size, and the presence of micro-
vascular obstruction at baseline MRI. Treatment effects were explored across subgroups with 
tests for interaction. These analyses were not prespecified but were exploratory in nature and 
based on results from previous cell therapy trials. Regression analyses and analysis of covari-
ance were used to assess correlations between baseline variables and outcomes. Because the 
study was not powered for clinical outcomes, clinical event rates are presented for descrip-
tive purposes only and no statistical comparisons were done. All p values are 2-sided and 
statistical significance was set at p<0.05. 
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Results 

Enrolment and baseline characteristics 
A total of 200 patients were enrolled in the study and underwent baseline MRI at a median 
time of 3 days after primary PCI (interquartile range 2–4). After MRI, 69 patients were as-
signed to the bone marrow group, 66 to the peripheral blood group, and 65 to the control 
group. Intracoronary infusion was not performed in 3 patients assigned to the bone marrow 
group. One patient withdrew consent, in one the bone marrow aspiration was unsuccessful, 
and in one the infarct-related artery was occluded on control angiography prior to cell 
delivery. In the peripheral blood group, intracoronary delivery was performed in all but one 
patient who refused cell delivery (Figure 1). The 3 groups were well matched with respect to 
baseline and procedural characteristics (Table 1). Overall, the mean age was 56±9 years, 85% 
of the patients were men, median time from onset of symptoms to reperfusion was 3.3 h 
(2.3–4.5), and 90% had TIMI flow grade 3 after primary PCI. 
 

Table 1. Baseline characteristics of the patients. 

Characteristic  
Bone Marrow 

Group (n=69) 

Peripheral Blood 

Group (n=66) 

Control Group 

(n=65) 

Age (years)  56 ± 9 57 ± 9 55 ± 10 

Male gender  58 (84%) 56 (85%) 56 (86%) 

Body mass index (kg/m2)   26 ± 3 26 ± 4 27 ± 3 

Risk factors      

    Diabetes mellitus  3 (4%) 7 (11%) 2 (3%) 

    Known hypertension  27 (39%) 13 (20%) 17 (26%) 

    Family history of coronary heart disease  33 (48%) 30 (45%) 33 (51%) 

    Hypercholesterolemia  17 (25%) 14 (21%) 15 (23%) 

    Current cigarette smoking  37 (54%) 31 (47%) 37 (57%) 

Angiography and infarct treatment     

    Time from symptom onset to PCI (h)  3.5 (2.4–5.1) 3.0 (2.1–4.8) 3.4 (2.3–4.2) 

    Infarct-related artery     

        Left anterior descending artery  42 (61%) 46 (70%) 40 (62%) 

        Left circumflex artery  14 (20%) 5 (8%) 5 (8%) 

        Right coronary artery  13 (19%) 15 (23%) 20 (31%) 

    Multivessel disease  12 (17%) 21 (32%) 16 (25%) 

    TIMI flow grade post-PCI     

        1  1 (1%) 1 (2%) 0 

        2  8 (12%) 5 (8%) 6 (9%) 

        3  60 (87%) 60 (91%) 59 (91%) 

    Type of stent(s) used     

        Bare metal  62 (90%) 60 (91%) 57 (88%) 

        Drug eluting  7 (10%) 6 (9%) 8 (12%) 

    Number of stents (median, range)  1 (1–2) 1 (1–3) 1 (1–4) 

    Size of stent (mm)  3.4 ± 0.4 3.4 ± 0.4 3.5 ± 0.4 
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    Length of stent (mm)  18 (15–28) 20 (18–28) 23 (18–28) 

    Platelet glycoprotein IIb/IIIa inhibitors  49 (71%) 47 (71%) 43 (66%) 

    Intra-aortic balloon pump  3 (4%) 4 (6%) 4 (6%) 

    Maximum serum CK-MB or CK (xULN)  37 (22–63) 38 (26–64) 42 (24–67) 

Cell infusion*     

    Days after primary PCI  6 (4–7) 5 (4–6) – 

    Number of injected cells (x106)  296 ± 164 287 ± 137 – 

    CD34+ cells     

        Absolute number (x106)  4.8 ± 4.0 0.3 ± 0.2 – 

        Percentage  1.6 ± 0.9 0.1 ± 0.07 – 

    CD14+ cells     

        Absolute number (x106)  24.6 ± 14.2 61.3 ± 32.7 – 

        Percentage  9.6 ± 6.1 22.1 ± 7.9 – 

Medication at discharge†     

    Aspirin  65 (96%) 62 (94%) 65 (100%) 

    Clopidogrel  68 (100%) 66 (100%) 65 (100%) 

    Coumarin derivate  6 (9%) 15 (23%) 11 (17%) 

    β-blockers  64 (94%) 63 (95%) 62 (95%) 

    ACE inhibitor or AT II-receptor blocker  63 (93%) 58 (88%) 65 (100%) 

    Statins  68 (100%) 65 (98%) 65 (100%) 

Medication at 4 months follow-up‡     

    Aspirin  65 (96%) 53 (82%) 61 (94%) 

    Clopidogrel  58 (85%) 52 (80%) 62 (95%) 

    Coumarin derivate  7 (10%) 19 (29%) 10 (15%) 

    β-blockers  63 (93%) 60 (92%) 60 (92%) 

    ACE inhibitor or AT II-receptor blocker  66 (97%) 54 (83%) 63 (97%) 

    Statins  67 (99%) 63 (97%) 63 (97%) 

*This analysis included only patients in whom cell infusion was performed: 66 patients in the bone mar-

row group and 65 in the peripheral blood group. There was no difference between the total number of in-

jected cells between the bone marrow and peripheral blood group: p=0.79 by nonparametric testing; 

†The analysis included 68 patients in the bone marrow group, 66 in the peripheral blood group, and 65 in 

the control group; ‡The analysis included 68 patients in the bone marrow group, 65 in the peripheral 

blood group, and 65 in the control group. ACE = angiotensin-converting enzyme; AT = angiotensin; CK-

MB = creatine kinase myocardial band; PCI = percutaneous coronary intervention; TIMI = Thrombolysis 

In Myocardial Infarction; ULN = upper limit of normal. 

 
Cell harvesting and intracoronary infusion 
Intracoronary cell infusion was performed between 3 and 8 days after PCI with a median of 6 
days in the bone marrow group and 5 days in the peripheral blood group. The median time 
from cell harvesting to cell infusion was 6.3 h (5.7–6.9) in the bone marrow group and 6.3 h 
(5.8–7.0) in the peripheral blood group. The total number of cells was comparable in the 
bone marrow and peripheral blood group (296±164 x106 vs 287±137 x106), see also Table 1. 
In the bone marrow group the CFU-GM capacity was 345±250 colonies per 105 cells (n=59). 
No complications of cell harvesting were noted in either group.  
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The adverse events related to the catheterization for cell delivery are summarized in Table 2. 
Three patients in the peripheral blood group developed a recurrent myocardial infarction 
related to the cell delivery procedure: in one patient this was due to coronary spasm after cell 
infusion, in one an occlusion of a small side branch occurred, and in the third patient no 
cause was identified. 
 

Left ventricular function, volumes and infarct size 
Paired cine MRI images for functional analysis were available for 67 patients in the bone 
marrow group, 62 in the peripheral blood group, and 60 in the control group. Paired images 
for infarct analysis were available for 58, 57, and 52 patients, respectively, due to missing or 
poor quality of the LGE images (Figure 1). There were no differences in MRI parameters 
between the 3 groups at baseline. Among all patients baseline LV end-diastolic volume was 
98.4±15.4 mL/m2 and LV end-systolic volume was 57.0±15.1 mL/m2. This resulted in a mean 
LVEF of 42.6±8.8%. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Trial profile. STEMI = ST-segment elevation myocardial infarction; MRI = magnetic resonance imaging. 
 

200 patients with STEMI underwent 
       randomization after MRI

69 were assigned to bone 
     marrow group

66 were assigned to peripheral
     blood group

65 were assigned to control group

66 received intracoronary infusion
     of bone marrow cells

3 did not have Intracoronary 
infusion :
    1 withdrew consent
    1 bone marrow aspiration 
       not succesfull
    1 occluded infarct-related
       artery

65 received intracoronary infusion
     of peripheral blood cells

67 with paired MRI studies
     67 functional analysis
     58 infarct analysis

62 with paired MRI studies
     62 functional analysis
     57 infarct analysis

60 with paired MRI studies
     60 for functional analysis
     52 infarct analysis

Paired MRI studies not 
available in 2 patients :
    1 poor quality
    1 withdrew consent

68 with clinical follow-up information
     available (1 withdrew consent)

66 with clinical follow-up information
     available

65 with clinical follow-up information
     available

Paired MRI studies not 
available in 4 patients :
    2 poor quality
    1 Implanted Cardioverter-
       Defibrillator
    1 died

Paired MRI studies not 
available in 5 patients :
    3 poor quality
    1 refused follow-up MRI
    1 Implanted Cardioverter-
       Defibrillator

1 did not have Intracoronary 
infusion :
    1 refused
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Table 2. Adverse events and clinical outcome from randomization to 4 months follow-up. 

Events  
Bone Marrow 

Group (n=69) 

Peripheral Blood 

Group (n=66) 

Control Group 

(n=65) 

Catheterization for cell delivery     

Adverse events during cell delivery     

    Coronary spasm  1 3 – 

    Transient bradycardia  1 0 – 

    Thrombus in infarct-related artery*  1 0 – 

    Occlusion of small side branch of infarct-related artery  0 1 – 

Recurrent myocardial infarction†  0 3 – 

Additional revascularization‡     

     Target lesion revascularization  3 3 – 

     Target vessel, nontarget lesion revascularization  1 2 – 

At 4 months follow-up (cumulative)     

Death  0 1 0 

Recurrent myocardial infarction  0 4 1 

     Related to cell infusion procedure  0 3 – 

     Spontaneous  0 1 1 

Revascularization  4 6 6 

     Target lesion revascularization  3 3 4 

     Target vessel, nontarget lesion revascularization  1 3 0 

     Nontarget vessel revascularization  0 0 3 

Documented ventricular arrhythmia treated by ICD  0 1 1 

Hospitalization for heart failure  0 1 1 

Stroke  0 0 0 

Cancer  0 1 0 

Composite of death, recurrent myocardial infarction or target 

lesion revascularization 

 3 6 4 

Composite of death, recurrent myocardial infarction or any 

revascularization 

 4 9 6 

Composite of death, recurrent myocardial infarction or 

hospitalization for heart failure 

 0 5 2 

Data are number of patients. *The occlusion was treated with a glycoprotein IIb/IIIa inhibitor, thrombosuction and 

balloon inflation resulting in TIMI flow grade 3. This event did not result in a procedural related myocardial infarction. 

†Causes of myocardial infarctions related to cell delivery were an occlusion of a small side branch in one patient, coro-

nary spasm in another, and in one patient no cause was identified. ‡This included an additional PCI in a patient in the 

bone marrow group who did not undergo cell delivery due to a total occlusion of the infarct-related artery. The attempt 

to reopen the vessel failed. In the peripheral blood group, one patient was treated by stent implantation for a local 

dissection of the infarct-related artery caused by an intracoronary flow wire and one patient was treated by balloon 

inflation for a thrombus in the infarct-related artery during cell delivery as described above. All other patients were 

treated before cell infusion without complications. ICD = implantable cardioverter-defibrillator. 
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The mean percentage of dysfunctional segments at baseline was 53.3±19.6% in the bone 
marrow group, 57.5±19.6% in the peripheral blood group, and 56.2±18.4% in the control 
group. At 4 months, 38.6±24.7% of the dysfunctional segments showed improved segmental 
wall thickening in patients treated with mononuclear bone marrow cells, compared with 
36.8±20.9% in the peripheral blood group, and 42.4±18.7% in the control group. This re-
sulted in nonsignificant differences between either of the treatment groups and control 
(p=0.33 and p=0.14, Table 3). Improvement of LVEF was 3.8±7.4% in the bone marrow group, 
4.2±6.2% in the peripheral blood group as compared with 4.0±5.8% in the control group 
(p=0.94 and p=0.90, Figure 2). There were also no significant differences in the changes in 
absolute segmental wall thickening in dysfunctional segments, and changes in LV volumes, 
mass and infarct size between the bone marrow, peripheral blood and control group (Ta-
ble 3).  
 

Figure 2. Estimation of the effect of intracoronary injection of mononuclear cells from bone marrow or peripheral blood on left 

ventricular ejection fraction. In the left panel the lines represent the change observed in individual patients and the squares 

represent the mean with the standard deviation. In the right panel the mean change between baseline and follow-up at 4 

months is presented with the standard error. LV = left ventricular. 

 
In the bone marrow and peripheral blood group there was no significant correlation between 
the change in LVEF and the total number of injected cells (r=0.05, p=0.66 and r=–0.07, p=0.62, 
respectively). Also no significant correlation was observed between the change in LVEF and 
the time from primary PCI to cell delivery. For the bone marrow group, the increase in LVEF 
was 5.0±9.2% in patients treated ≤4 days after PCI (n=18), 4.6±6.3% in patients treated at day 
5 or 6 (n=28), and 1.8±7.3% in patients treated ≥7 days (n=19) (p=0.34) and for the peripheral 
blood group the increase was 5.8±6.6% (n=25), 3.0±6.0% (n=24), and 3.4±6.0% (n=12), 
respectively (p=0.22). In the bone marrow and peripheral blood group, the different stem cell 
laboratory used for cell isolation did not show any relation with the primary endpoint or the 
change in LVEF (bone marrow: p=0.59 and p=0.16; peripheral blood: p=0.74 and p=0.83, 
respectively).  
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Table 3. Quantitative measures of regional and global left ventricular function, volumes, mass and infarct size by MRI. 

 BM group PB group Control Group Bone Marrow vs Control  Peripheral Blood vs Control 

 
n=67 

 

n=62 

 

n=60 

 

Treatment effect*

Estimate (95%CI) 
p value  

Treatment effect* 

Estimate (95%CI) 
p value 

Primary endpoint (%)         

     Dysfunctional segments at 

     baseline 
53.3 ± 19.6 57.5 ± 19.6 56.2  ±  18.4      

     Dysfunctional segments that  

     improved during follow-up 
38.6 ± 24.7 36.8 ± 20.9 42.4 ± 18.7 –3.9 (–11.7 to 4.0) 0.33  –5.3 (–12.3 to 1.7) 0.14 

Segmental wall thickening in 

dysfunctional segments (mm) 
        

     Baseline 1.19 ± 0.55 1.18 ± 0.49 1.14 ± 0.52      

     Follow-up 2.31 ± 1.32 2.21 ± 1.21 2.31 ± 0.97      

     Change 1.12 ± 1.20 1.03 ± 0.99 1.18 ± 0.80 –0.06 (–0.43 to 0.30) 0.73  –0.15 (–0.48 to 0.17) 0.35 

     p value (baseline vs 4 months) <0.0001 <0.0001 <0.0001      

LV ejection fraction (%)         

     Baseline 43.7 ± 9.0 41.7 ± 9.1 42.4 ± 8.3      

     Follow-up 47.5 ± 9.9 46.0 ± 9.3 46.4 ± 9.2      

     Change 3.8 ± 7.4 4.2 ± 6.2 4.0 ± 5.8 0.1 (–2.2 to 2.4) 0.94  0.1 (–2.0 to 2.2) 0.90 

     p value (baseline vs 4 months) <0.0001 <0.0001 <0.0001      

LV end-diastolic volume (mL/m2)         

     Baseline 97.3 ± 14.0 98.0 ± 15.4 100.0 ± 16.9      

     Follow-up 102.6 ± 19.1 103.4 ± 22.6 108.2 ± 24.6      

     Change 5.4 ± 13.4 5.3 ± 16.3 8.2 ± 13.5 –2.5 (–7.2 to 2.2) 0.29  –2.6 (–8.0 to 2.7) 0.33 

     p value (baseline vs 4 months) 0.002 0.01 <0.0001      

LV end-systolic volume (mL/m2)         

     Baseline 55.4 ± 14.5 57.8 ± 15.9 58.1 ± 15.1      

     Follow-up 54.9 ± 19.5 57.1 ± 21.6 59.3 ± 21.7      

     Change –0.5 ± 13.4 –0.7 ± 14.4 1.2 ± 11.7 –1.5 (–5.9 to 3.0) 0.52  –1.9 (–6.6 to 2.8) 0.43 

     p value (baseline vs 4 months) 0.75 0.71 0.42      

LV mass (g/m2)         

     Baseline 59.8 ± 12.2 59.6 ± 11.4 59.1 ± 11.9      

     Follow-up 51.7 ± 10.5 51.3 ± 10.2 51.4 ± 10.6      

     Change –8.0 ± 9.6 –8.3 ± 7.9 –7.8 ± 7.6 –0.03 (–2.6 to 2.6) 0.98  –0.4 (–2.8 to 2.0) 0.74 

     p value (baseline vs 4 months) <0.0001 <0.0001 <0.0001      

Infarct size (g)†         

     Baseline 22.9 ± 12.6 21.1 ± 11.2 23.6 ± 13.8      

     Follow-up 15.2 ± 8.2 13.2 ± 7.3 14.2 ± 8.9      

     Change –7.7 ± 8.5 –7.9 ± 6.5 –9.4 ± 7.1 1.3 (–0.5 to 3.2) 0.16  0.4 (–1.1 to 1.9) 0.62 

     p value (baseline vs 4 months) <0.0001 <0.0001 <0.0001      

Plus-minus values are means±SD. p values for the change between baseline and follow-up within each study group were 

calculated with paired Student’s t test. *Treatment effect and p values were determined by analysis of covariance; †The 

analysis included 58 patients in the bone marrow group, 57 in the peripheral blood group, and 52 in the control group. BM = 

bone marrow; LV = left ventricular; PB = peripheral blood. 
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In an additional analysis, we excluded patients that did not receive intracoronary infusion in 
the 2 treatment arms and excluded all patients with a clinical event up to 4 months follow-up 
(death, recurrent myocardial infarction, or revascularization). The differences between either 
of the treatment groups and control did not substantially change with a treatment effect for 
the primary endpoint of –3.1 (–11.4 to 5.2), p=0.46 for bone marrow (n=63) vs control (n=56) 
and –3.5 (–10.9 to 3.9), p=0.35 for peripheral blood (n=53) vs control (n=56). The treatment 
effect for LV ejection fraction was 0.5 (–1.9 to 2.9), p=0.69 and 0.3 (–1.9 to 2.6), p=0.78, respec-
tively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Estimated treatment effect of intracoronary injection of mononuclear cells from bone marrow or peripheral blood in 

different subgroups on the change in left ventricular ejection fraction from baseline to follow-up. *Median values of the whole 

study population were used to create subgroups of equal size. Treatment effects and p values for interaction were estimated by 

analysis of covariance. BM = bone marrow, CI = confidence interval, EDV = end-diastolic volume, EF = ejection fraction, LAD 

= left anterior descending, LV = left ventricular, PB = peripheral blood. 
 
Several baseline features were examined for potential effects in subgroup analyses. In rela-
tion to change in LVEF, an interaction with (borderline) significance was noted between 
baseline LVEF, LV end-diastolic volume, and treatment with mononuclear bone marrow cells 
(Figure 3). When the total patient population was dichotomized according to the median 
value of baseline LVEF there was a trend toward an increase in LVEF among patients with a 
baseline LVEF below the median (≤43.4%) who were treated with mononuclear bone marrow 
cells (p value for interaction 0.04). A similar trend was noted in patients with an initially 
dilated LV (baseline end-diastolic volume >96.0 mL/m2; p=0.06). With regard to the endpoint 
change in end-diastolic volume during follow-up similar results were found (Figure 4). There 
was a trend toward less remodeling of the LV in the bone marrow group among patients 
with an initial dilated LV (p value for interaction 0.06) and among patients with a reduced 
baseline LVEF (p=0.10). However, these interactions could not be confirmed in the subgroup 

-10 -5 0 5 10

Subgroup
Control better BM better Control better PB better

Overall
Age

56 y
> 56 y
Infarct-related artery
LAD
Non-LAD
Time to reperfusion*

3.3 h
> 3.3 h
Baseline LV ejection fraction*

43.4 %
> 43.4 %
Baseline LV EDV*

96.0 mL/m2

> 96.0 mL/m2

Baseline infarct size*
20.8 g

> 20.8 g
Microvascular obstruction
Yes
No

Estimate of absolute change in LVEF (%)

Treatment effect p value for
Estimate (95% CI) interaction

0.1 (-2.2 to 2.4) 

–0.5 (–3.7 to 2.7) 0.63
0.7 (2.7 to 4.0)

1.4 (–1.5 to 4.3) 0.15
–2.0 (–5.7 to 1.7)

–0.3 (–3.7 to 3.0) 0.72
0.5 (–2.7 to 3.7)

2.2 (–1.0 to 5.4) 0.04
–2.5 (–5.6 to 0.7)

–2.2 (–5.5 to 1.0) 0.06
2.2 (–1.0 to 5.4)

0.04 (–3.3 to 3.8) 0.65
1.1 (–2.2 to 4.5) 

–0.4 (–3.3 to 2.5) 0.78
0.2 (-3.4 to 3.8)

Estimate of absolute change in LVEF (%)

Treatment effect p value for
Estimate (95% CI) interaction

0.1 (–2.0 to 2.2)

0.3 (–2.6 to 3.3) 0.86
–0.04 (–3.1 to 3.0)

–0.3 (–2.9 to 2.3) 0.53
1.1 (–2.5 to 4.7)

0.2 (–2.7 to 3.2) 0.86
–0.1 (–3.2 to 2.9)

–0.1 (–3.0 to 2.8) 0.79
0.5 (–2.5 to 3.5)

–1.3 (–4.3 to 1.6) 0.21
1.3 (–1.6 to 4.2)

0.8 (–2.0 to 3.7) 0.89
0.6 (–2.3 to 3.4) 

0.3 (–2.4 to 3.0) 0.64
–0.7 (–4.0 to 2.6)
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analyses on the primary endpoint. In the peripheral blood group no interactions were ob-
served except for the interaction between baseline LV end-diastolic volume and change in 
end-diastolic volume (p=0.045; Figure 3 and 4).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Estimated treatment effect of intracoronary injection of mononuclear cells from bone marrow or peripheral blood in 

different subgroups on the change in left ventricular end-diastolic volume from baseline to follow-up. *Median values of the 

whole study population were used to create subgroups of equal size. Treatment effects and p values for interaction were 

estimated by analysis of covariance. BM = bone marrow, CI = confidence interval, EDV = end-diastolic volume, LAD = left 

anterior descending, LV = left ventricular, PB = peripheral blood. 
 
Clinical outcome 
During follow-up one patient assigned to the peripheral blood group died of ventricular 
fibrillation at 18 days after randomization (13 days after cell delivery). Autopsy revealed 
thrombus in the infarct-related artery. The patient was discharged with aspirin and clopido-
grel and platelet inhibition was not discontinued. Ventricular fibrillation occurred in another 
patient in the peripheral blood group one day after randomization (within a few hours after 
cell infusion) and in one patient in the control group 3 days after randomization. Both pa-
tients survived without sequelae after resuscitation and received an implantable cardio-
verter-defibrillator. Table 2 summarizes all clinical events from randomization to 4-months 
follow-up. With regard to clinical symptoms, at 4 months 19% (13/68) of the patients in the 
bone marrow group were in New York Heart Association class II or higher compared to 20% 
(13/65) and 18% (12/65) in the peripheral blood and control group. 
 

Subgroup
BM better Control better PB better Control better

Overall
Age

56 y
> 56 y
Infarct-related artery
LAD
Non-LAD
Time to reperfusion*

3.3 h
> 3.3 h
Baseline LV ejection fraction*

43.4 %
> 43.4 %
Baseline LV EDV*

96.0 mL/m2

> 96.0 mL/m2

Baseline infarct size*
20.8 g

> 20.8 g
Microvascular obstruction
Yes
No

Estimate of change in LV EDV (mL/m2)

Treatment effect p value for
Estimate (95% CI) interaction

–2.5 (–7.2 to 2.2)

–6.0 (–12.6 to 0.5) 0.12
1.4 (–5.4 to 8.1)

–3.9 (–9.9 to 2.0) 0.39
0.2 (–7.3 to 7.8)

–2.3 (–9.1 to 4.5) 0.92
–2.8 (–9.3 to 3.8)

–6.6 (–13.3 to 0.1) 0.10
1.4 (–5.2 to 8.0)

2.0 (–4.7 to 8.7) 0.06
–7.0 (–13.6 to –0.3)

–3.2 (–10.3 to 3.9) 0.83
–4.3 (–11.5 to 2.9)

–2.7 (–8.7 to 3.3) 0.71
–0.9 (–8.3 to 6.5)

Estimate of change in LV EDV (mL/m2)

Treatment effect p value for
Estimate (95% CI) interaction

–2.6 (–8.0 to 2.7)

–5.2 (–12.7 to 2.3) 0.30
0.3 (–7.3 to 8.0)

–2.0 (–8.4 to 4.4) 0.60
–4.9 (–13.7 to 3.9)

–3.5 (–11.0 to 4.0) 0.68
–1.3 (–8.9 to 6.3)

–3.0 (–10.5 to 4.5) 1.00
–3.0 (–10.7 to 4.7)

3.0 (–4.6 to 10.6) 0.045
–7.8 (–15.2 to –0.5)

–6.1 (–13.8 to 1.5) 0.34
–0.8 (–8.7 to 7.0)

–5.4 (–12.3 to 1.4) 0.16
2.3 (–6.2 to 10.9)
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Discussion 

We evaluated the potential benefit of intracoronary infusion of mononuclear cells from bone 
marrow or peripheral blood in the subacute phase after acute myocardial infarction in 
patients treated with primary PCI. There were no significant differences between the treat-
ment groups and standard therapy in the efficacy endpoints that were evaluated, including 
the primary endpoint of percentage of dysfunctional segments at baseline with improved 
segmental wall thickening at 4 months and the secondary endpoints of change in LVEF, 
volumes, mass and infarct size. 
To date, intracoronary injection of bone marrow-derived cells as an adjunctive therapy in 
patients with acute myocardial infarction has been tested in several small and medium-sized 
trials with various results. The results of the ASTAMI trial, REGENT trial and the study by 
Janssens et al. did not indicate an improvement of LV function compared with the control 
group, whereas data from the BOOST and REPAIR-AMI trial showed a significant 6.0% and 
2.5% absolute increase in LVEF compared with control treatment.4,5,7,8,21 In relation to the 
earlier studies we combined the following important aspects in the HEBE trial: MRI was used 
for assessment of the primary endpoint of change in regional myocardial function, patients 
with relatively large first myocardial infarctions and short total ischemic time were included, 
cell infusion was performed at the same day of cell harvesting, and a second treatment group 
with infusion of mononuclear peripheral blood cells was included.  
We have chosen the change in regional systolic myocardial function measured by MRI as our 
primary endpoint, based on the assumption that regional function is more sensitive than 
global LV function for the evaluation of cell therapy.22 Several mechanisms of action by which 
cell therapy may enhance functional cardiac recovery have been suggested including cardiac 
and vascular regeneration. Alternatively, paracrine activities of the transplanted mononuclear 
cells may responsible for the functional recovery.13,15 Detailed MRI analysis in the BOOST trial 
demonstrated enhanced recovery of regional systolic wall motion mostly in the border zone 
of the infarct, whereas Janssens et al. noted improvement especially in the most severely 
infarcted segments.4,21 Restoration of microvascular function determined by intracoronary 
flow measurements in patients in the REPAIR-AMI trial provided first clinical proof of concept 
of vascular repair by intracoronary cell therapy.23 However, these measurements were secon-
dary endpoints and in part post-hoc analyses.  
Our study is the largest study so far that used a highly accurate and quantitative imaging 
technique for assessment of regional systolic function in a multicenter setting. In the recently 
published REGENT trial, also 200 patients were included and MRI was used for assessment of 
the primary endpoint of change in LVEF. However, a major limitation of this study is the low 
number of patients with paired MRI images (59%).8 Another important issue is the timing of 
the baseline MRI. In the REGENT trial, MRI was performed after cell infusion, up to 2 weeks 
after myocardial infarction and in the ASTAMI trial baseline MRI was performed even later at 2 
to 3 weeks after PCI.5,8 In contrast, we performed MRI in all patients before randomization and 
within 1 week after primary PCI. 
Compared to other cell therapy studies after acute myocardial infarction we included rela-
tively large infarcts. This resulted in a population with a markedly depressed LVEF (42.6±8.8%) 



 Cell therapy after acute myocardial infarction: results of the HEBE trial 237 

despite a relatively short symptom onset to PCI time and contemporary post-infarct treat-
ment.9 While subgroup analyses of the REPAIR-AMI trial demonstrated an interaction be-
tween the baseline LVEF and the improvement seen after bone marrow cell therapy with cell 
therapy being most effective in patients with a lower LVEF (<49%), we observed no im-
provement in our study.7 Although data from the REGENT trial also suggests an interaction 
between baseline LVEF and treatment, a better outcome was only observed in patients with 
severely reduced baseline LVEF of <37%.8 In post-hoc analyses, we observed an interaction 
between baseline LVEF, baseline end-diastolic volume and improvement in LVEF and remod-
eling as reflected by a decreased LV dilatation in patients treated with mononuclear bone 
marrow cells. These hypothesis generating observations should be interpreted cautiously 
given the large numbers of subgroup analyses that were performed and certainly warrant 
further exploration in future cell therapy studies. 
We have observed a relatively large number of adverse events during catheterization for cell 
infusion. The number of adverse events in the peripheral blood group seems higher although 
this was non-significant. We do not have an explanation for this possible increased event rate. 
Compared to the bone marrow group, the peripheral blood group received very low num-
bers of CD34+ cells. Our method for cell infusion using the stop-flow technique did not differ 
from previous trials.2,3,16 In all patients, CK-MB concentrations were carefully and routinely 
measured after cell infusion (every 6 h after infusion for 24 h). However, in an additional 
analysis we showed that our main results did not change if patients with an event were 
excluded. 
Most clinical studies have used the stop-flow technique with an over-the-wire balloon 
catheter for cell infusion after acute myocardial infarction. However, isolation protocols and 
numbers of injected cells have differed substantially. As shown by Seeger et al., the isolation 
protocol and incubation period are important and can have a major impact on the number of 
isolated cells and the functional activity of these cells.11 To validate our own isolation proto-
col in comparison to the REPAIR-AMI and ASTAMI protocol, we have previously tested several 
quantitative and qualitative in vitro parameters of the isolated cells including cell recovery, 
viability, CD34+ count, chemokine receptor CXCR4 expression, and migration and clonogenic 
capacity. It has been suggested that differences in cell isolation procedures, especially the 
use of Lymphoprep in stead of Ficoll, are responsible for the contrasting outcomes between 
the REPAIR-AMI and ASTAMI trial.5,7,11 We have shown that our choice of density gradient 
solution (Lymphoprep) has no effect on cell recovery and function. However, the composi-
tion of the washing medium and centrifugation speed influence cell recovery and functional 
activity of the isolated cells.12 The explanation for the lower cell recovery in the ASTAMI trial is 
most likely the lower centrifugation speed during washing of the cells. In this light, we 
demonstrated that the cell-processing protocol applied in the HEBE trial results in a cell 
fraction of which the quantity and quality is at least similar to a successful study like the 
REPAIR-AMI trial.12 In fact, the number of isolated cells and CD34+ cell fraction in the present 
study was similar with the REPAIR-AMI trial: 296±164 x106 and 236±174 x106 cells with 
1.6±0.9% and 1.5±0.7% CD34+ cells, respectively. Moreover, in this study cell infusion was 
performed at the day of harvesting thus avoiding overnight storage, a procedure that may 
have a negative impact on functional activity of isolated cells.11 Considering these data, we 
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believe that the lack of beneficial effect in our trial is not explained by the cell isolation 
protocol. 
Our trial has several limitations. First, for ethical reasons, the HEBE trial was not a double-
blind placebo controlled study. Bone marrow aspiration and venous blood collection was not 
performed in all patients and the control group did not undergo sham infusion. However, 
there was a blind evaluation of endpoints using a core laboratory for MRI analysis. Second, 
baseline MRI was not performed on a fixed time point after myocardial infarction and this 
may influence the measured changes in LV parameters. However, in all patients MRI was 
performed before randomization and no differences between the 3 groups were observed. 
Third, we performed follow-up MRI at 4 months after cell therapy. Due to this relative short 
follow-up period, long-term effects on LV function and remodeling may have been missed. 
This should be further investigated and therefore repeat MRI will be performed at 2 years. 
Finally, the number of injected cells was not standardized and therefore there was consider-
able variability in injected cell numbers between patients.  
In conclusion, we did not show a beneficial effect of intracoronary delivery of mononuclear 
cells from bone marrow or peripheral blood on regional and global systolic myocardial 
function at 4 months follow-up in patients with a first acute myocardial infarction treated 
with primary PCI. 
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Summary of the thesis 

This thesis describes several studies on clinical and functional outcomes after different re-
vascularization strategies in patients with an acute coronary syndrome (ACS). ACS is a term 
used to cover a group of clinical symptoms compatible with acute myocardial ischemia and 
include patients with unstable angina, and both ST-elevation and non-ST-elevation myo-
cardial infarction (STEMI and NSTEMI, respectively). These life-threatening disorders are a 
major cause of emergency medical care and hospitalization in Western countries. During the 
past 25 years, there have been important advances in the therapeutic options for patients 
with ACS. Several treatments have proved to be effective in reducing the incidence of death, 
myocardial infarction, and recurrent ischemia. These treatments include intensive medical 
therapy and coronary angiography followed by revascularization, if indicated.  
In patients with STEMI, in which the infarct-related artery is usually occluded and there is 
ongoing transmural ischemia, it is well established that the earlier primary percutaneous 
coronary intervention (PCI) can be performed, the lower the mortality. By contrast, in patients 
with unstable angina or NSTEMI, the culprit artery is often patent, there is usually no ongoing 
transmural ischemia, and the patient often has a good response to initial medical treatment. 
However, revascularization by PCI or coronary artery bypass grafting (CABG) remains a 
dominant modality at variable time points after symptom onset. In this thesis different 
aspects of revascularization strategies in patients with ACS are investigated.   
 
The first part of this thesis describes the results of the multicenter ‘Invasive versus Conser-
vative Treatment in Unstable coronary Syndromes’ (ICTUS) trial in which 2 different treatment 
strategies in patients with non-ST-elevation ACS (nSTE-ACS) were investigated: a routine 
early invasive strategy and a selective invasive strategy. With the early invasive strategy, all 
patients undergo early coronary angiography, followed by PCI or CABG if the coronary 
anatomy permits. With the selective invasive strategy, angiography and revascularization are 
reserved for those patients who have inducible ischemia on noninvasive testing before 
discharge or for whom initial medical therapy fails. In previous strategy trials an early invasive 
strategy was shown to be beneficial in reducing major cardiovascular events as well as severe 
angina and rehospitalization, especially in high risk patients. The early risk associated with a 
routine early invasive strategy due to events related to the revascularization procedures, was 
balanced by a larger reduction in adverse events during follow-up. However, when the 
results of all strategy trials are taken into account as a whole, a mortality benefit of an early 
invasive strategy could not be shown and the reduction in the rate of myocardial infarction 
has varied depending on the definition of infarction. Furthermore, advances in medical 
therapy have been shown to improve the prognosis in patients with ACS and these therapies 
have not been tested in previous strategy trials. 
In Chapter 2 the long-term follow-up of the ICTUS trial is described to assess the effect of an 
early invasive strategy on clinical outcomes up to 4 years in patients with nSTE-ACS and a 
positive troponin, against an optimized medical background. In contrast to other trials, we 
could not demonstrate that an early invasive strategy was superior to a selective invasive 
strategy. An early invasive strategy prevented rehospitalization but no reduction in death or 
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myocardial infarction was detected. A possible explanation for these findings is the relatively 
high revascularization rate in the selective invasive group, together with optimized medical 
treatment including low-molecular-weight heparin, glycoprotein IIb/IIIa inhibition at the time 
of PCI, clopidogrel, intensive medical therapy for secondary prevention during follow-up, and 
changes in practice of invasive therapy (i.e. choice of revascularization method and use of 
stents). Interestingly, even in patients with the highest risk profile according to the previous 
validated FRISC risk score, we could not show a benefit of an early invasive strategy.  
In contrast to the randomized strategy trial, several observational studies have clearly shown 
that revascularization itself, is associated with substantial reduction in mortality in patients 
with nSTE-ACS. For many clinicians, these data have strengthened the belief that routine 
early angiography and subsequent revascularization would reduce mortality. In Chapter 3 
data from the ICTUS trial was analyzed as if the data had been obtained by means of an 
observational study. Although no difference between an early and selective invasive strategy 
was observed as described in the previous chapter, actual revascularization during hospital 
admission was associated with substantial reduction in mortality and fewer myocardial 
infarctions, even after the use of appropriate risk adjustment techniques. This apparent 
discrepancy is primarily driven by the poor prognosis in patients who underwent angiogra-
phy but were not revascularized because of co-morbidities and anticipated high procedure-
related risks. The conclusion of this finding is that whether an early invasive strategy leads to 
a better outcome than a selective invasive strategy cannot be inferred from the observation 
that revascularized patients have a better prognosis in non-randomized studies. 
Previous strategy trials have especially shown a benefit of an early invasive strategy in pa-
tients with a high risk of developing a cardiac event during follow-up. In the next 3 chapters, 
the following factors were tested for additional risk stratification in patients included in ICTUS: 
ST-segment deviation on admission electrocardiogram (ECG), N-terminal pro-brain natri-
uretic peptide (NT-proBNP) concentration, and cystatin C concentrations at admission.  
Subsequently, we determined whether these factors could identify patients that may benefit 
from an early invasive treatment strategy.  
In Chapter 4 we demonstrated that the presence of cumulative ST-segment deviation of 
≥0.1 mV on the admission ECG indeed is a strong predictor of adverse outcome in patients 
with NSTEMI. In these patients the rate of death was 4-fold, and the rate of myocardial infarc-
tion was 50% higher compared with patients with cumulative ST-segment deviation of <0.1 
mV. The presence of isolated T-wave inversion did not predict subsequent adverse cardiac 
events. We also showed that patients with cumulative ST-segment deviation of ≥0.1 mV 
more frequently fail medical therapy and are at increased risk of spontaneous myocardial 
infarction after discharge when no coronary angiography was performed during initial 
hospitalization. Therefore, we concluded that patients with nSTE-ACS and ST-segment 
deviation may benefit from coronary angiography and subsequent revascularization during 
initial hospitalization. 
Previous studies have already shown that there is a strong association between plasma levels 
of NT-proBNP and adverse outcomes in patients with nSTE-ACS. However, only a few studies 
explored the interaction between treatment strategy and levels of NT-proBNP in relation to 
outcome. In Chapter 5, we confirmed that NT-proBNP is a strong independent predictor of 
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mortality but not of recurrent myocardial infarction. In patients with the highest levels of NT-
proBNP, the major cause of death was progression of heart failure or sudden/ unobserved 
death. However, no reduction in mortality was observed with the use of an early invasive 
strategy compared with a selective invasive strategy, regardless of the NT-proBNP level at 
baseline. Whether prognosis in patients with elevated levels of NT-proBNP can be improved 
with other therapies besides revascularization, perhaps with more intensive anti-arrhythmic 
therapy, implantable cardioverter defibrillator implantation, or more intensive monitoring of 
heart failure, remains to be elucidated. 
Reduced glomerular filtration rates are strongly associated with the risk of coronary artery 
disease, as well as with the risk of death following an initial myocardial infarction. Until now, 
only one randomized strategy study has evaluated the long-term effects of revascularization 
with regard to renal function in patients with nSTE-ACS. Cystatin C is a novel endogenous 
marker of kidney function that may be more sensitive for detecting mild to moderate decre-
ments in the glomerular filtration rate than creatinine-based estimating equations. In Chap-

ter 6 we showed that even after adjustment for baseline characteristics (including ST-
segment deviation and NT-proBNP), cystatin C was found to be independently associated 
with mortality and spontaneous myocardial infarction. However, no definite conclusions 
could be drawn with regard to the interaction between cystatin C and treatment strategy 
due to the relatively small sample size. 
Alongside the ICTUS trial a cost-effectiveness analysis from a provider perspective was 
performed of which the results are presented in Chapter 7. This economic analysis showed 
that an early invasive strategy was slightly more expensive during the first year without gain 
in prevented cardiac events. Cost of coronary procedures was the main determinant of the 
cost difference between the two groups, followed by cost of inpatient days in hospitals. The 
additional costs due to more coronary procedures in the early invasive strategy group were 
not completely balanced by higher costs due to more inpatient days in hospitals in the 
selective invasive group. Finally, we demonstrated a very moderate probability of the early 
invasive strategy being cost-efficient, even at a high level of willingness-to-pay. 
In summary, the ICTUS trial did not show that an early invasive strategy is better than a more 
selective invasive strategy in patients with nSTE-ACS and an elevated cardiac troponin. With 
optimized medical treatment and a revascularization rate around 55% to 60% at 1 year, an 
early invasive treatment may not be necessary for all of these patients. The benefit from any 
treatment in ACS, both medical and non-medical (revascularization), depends on the pa-
tient’s risk of an ischemic cardiac event and the risk of a treatment-related complication. 
Therefore, in future studies additional risk factors need to be identified based on which we 
can select patients who benefit most from an early invasive treatment strategy. Also, the 
optimal timing of such an intervention needs to be further investigated.  
 
In the second part of the thesis, several studies are described in which different clinical and 
function outcomes are assessed in patients after ACS treated by PCI. During the past decades, 
many randomized studies have been conducted to assess the effect of various refinements in 
medical treatment and technology on morbidity and mortality in subgroups of patients with 
coronary artery disease. However, the differences in early and, especially, late mortality 
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between subgroups of patients with coronary artery disease remain relatively unknown. 
Therefore, we evaluated early and late mortality over time in patients treated by PCI for 
STEMI, unstable angina or NSTEMI, and for stable angina in an all-comer (‘real world’) popula-
tion in Chapter 8. All patients that underwent a PCI at the Academic Medical Center between 
1997 and 2005 were prospectively followed up. The final cohort consisted of more than ten 
thousand unselected, consecutive patients. We found that patients with STEMI had a greater 
risk of death during the first 6 months but thereafter had a similar survival up to 6 years 
compared with patients with stable angina after PCI. In addition, although the unadjusted 
risk of death from 6 months to the end of follow-up was greatest for patients with unstable 
angina or NSTEMI, after adjustment for baseline characteristics, no difference was found in 
late mortality among the patients with STEMI, unstable angina/NSTEMI, or stable angina. 
Despite the successful reduction of coronary artery disease mortality in the past decades, our 
results underscore the need for additional aggressive strategies to lower the early hazard 
associated with STEMI to further improve the survival rates. 
Accurate risk stratification in patients with STEMI can be important to further optimize 
treatment. Risk stratification may facilitate decision making regarding the necessity of a more 
aggressive management strategy and may play an important role in the design of future 
clinical trials, which may focus on certain risk groups. Several factors have been identified in 
patients after STEMI to predict functional and clinical outcome and different techniques can 
be used to assess these factors. Recently, cardiovascular magnetic resonance (CMR) imaging 
is emerging as an important diagnostic and prognostic tool in ACS. The next chapters de-
scribe the use of CMR for the assessment of cardiac function, infarct size, and especially 
microvascular injury in patients after acute myocardial infarction. Furthermore, the relation of 
these CMR measurements with current known risk factors is investigated and the predictive 
value on functional recovery infarction is examined. 
Previous studies have demonstrated that the presence of microvascular obstruction (MVO) 
after acute myocardial infarction has important prognostic significance. Earlier studies have 
suggested that both measurements of coronary blood flow velocity patterns and CMR can be 
used to assess and quantify microvascular injury. However, no data was available with re-
spect to the relationship between both techniques. In the study presented in Chapter 9, we 
showed that the extent and size of MVO as assessed by late gadolinium-enhanced CMR 
correlated well with coronary blood flow velocity characteristics of microvascular injury, such 
as the presence of early systolic retrograde flow, rapid deceleration of the diastolic flow 
velocity, and reduced coronary flow velocity reserve. This relation was independent of the 
size and transmural extent of the infarcted myocardium. By using CMR, quantification of 
myocardial function, infarct size, and microvascular injury can be performed accurately with a 
single noninvasive technique in STEMI patients. 
In current clinical practice, an ECG is routinely obtained shortly after primary PCI, to evaluate 
the success of reperfusion and for initial risk stratification. Besides ST-segment resolution and 
residual ST-segment elevation, the ECG offers information on early Q waves. Limited data was 
available on the additional value of Q wave assessment compared to ST-segment resolution 
or residual ST-segment elevation early after reperfusion, with respect to myocardial function 
and necrosis. In Chapter 10 we studied 180 patients with a first STEMI and explored the 
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significance of ECG findings early after primary PCI in relation to left ventricular function, 
extent and size of infarction, and microvascular injury as assessed by CMR in the first week 
after the event. We found that residual ST-segment elevation and the number of Q waves on 
the post-procedural ECG are complementary in predicting myocardial function and necrosis. 
Residual ST-segment elevation, the number of Q waves and anterior myocardial infarction 
were strong, independent predictors of left ventricular function. Additionally, residual ST-
segment elevation was the single and best predictor of microvascular injury, while Q wave 
count predicted infarct size and transmural extent of infarction. In conclusion, residual ST-
segment elevation and the number of Q waves on the post-procedural ECG offer valuable 
complementary information on prediction of myocardial function and necrosis, and its 
microvascular status. 
In acute myocardial infarction, restoration of microvascular flow is considered to be a key 
factor for post-ischemic repair, functional outcome and prognosis. The presence of micro-
vascular injury can be assessed by several different techniques of which angiography and 
electrocardiography are most commonly used. As already described in the previous 2 chap-
ters, CMR allows direct visualization and quantification of microvascular injury, which corre-
sponds to anatomically defined areas of no-reflow. However, it is not well known how these 
parameters compare with commonly used criteria of microvascular injury. Therefore, we have 
examined in Chapter 11 the relation between angiographic, electrocardiographic, and CMR 
characteristics of microvascular injury and their relation with left ventricular remodeling. ST-
segment resolution, but not TIMI flow grade and myocardial blush grade, correlated with the 
presence of MVO on first-pass perfusion and late gadolinium-enhanced CMR. Of all character-
istics of microvascular injury, MVO assessed by late gadolinium-enhanced CMR was the 
strongest predictor of change in global left ventricular function and volumes at 4 months 
follow-up. The present study also demonstrated that MVO by late gadolinium-enhanced CMR 
has incremental diagnostic value over transmurality of infarction, particularly in segments 
with 75%–100% transmural enhancement. 
Thus, MVO can accurately be assessed by CMR using administration of a gadolinium chelate. 
However, several CMR techniques have been described: first-pass perfusion (assessed ap-
proximately 1 min after contrast material administration), early gadolinium enhancement 
(assessed ~2 min after contrast) and late gadolinium enhancement (assessed ~10 to 15 min 
after contrast). To date, it is not well known which approach is preferred and offers best 
predictive value on left ventricular remodeling in patient after STEMI. In Chapter 12 we 
compared these 3 techniques in 63 patients with a first STEMI treated by primary PCI. All 
patients underwent CMR at 4 to 7 days and at 4 months after myocardial infarction. Our 
results suggest that areas of MVO as depicted by late gadolinium-enhanced CMR best pre-
dicts remodeling of the left ventricle, and show the highest difference in signal intensity 
between the infarct and MVO area compared to the other 2 techniques. Furthermore, late 
enhancement offers additional information on infarct size, extent of infarction, and other 
sequelae of myocardial infarction (eg, thrombus and right ventricular involvement) that 
improve the risk stratification of these patients. We therefore recommend late gadolinium 
enhancement as the preferred technique to evaluate microvascular injury by CMR in patients 
after acute myocardial infarction. 
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In conclusion, based on our results presented in this thesis we recommend late gadolinium 
enhancement CMR as the preferred technique to assess MVO. It can successfully be used for 
risk stratification after ACS and is superior to several commonly used angiographic and 
electrocardiographic techniques. This technique can be useful in selecting STEMI patients at 
high risk for future events that may benefit from adjunctive therapy. In addition, because 
gadolinium-enhanced CMR accurately visualizes both infarct and MVO, it should be strongly 
recommended as a principal imaging technique in trials evaluating new therapeutic strate-
gies to limit microvascular injury in the setting of acute myocardial infarction. However, 
future research is necessary to confirm our findings and investigate the significance for long-
term clinical outcome in larger patient populations. 
 
In the last section of this thesis, cell therapy as an adjunctive therapy in patients with large 
STEMI is evaluated. About 10 years ago, several preclinical studies have demonstrated great 
potential for the use of intracoronary infusion of mononuclear bone marrow cells following 
myocardial infarction. Soon after these first reports, several small, non-randomized studies of 
cell therapy in humans were reported which demonstrated that cell transplantation was safe, 
may preserve myocardial function, and may improve myocardial perfusion. However, the 
results of the first small and mid-sized randomized trials are conflicting and show a consider-
able degree of heterogeneity. 
To date, the mechanism by which cell therapy confers benefit remains unclear. Transplanted 
cells do not appear to differentiate into contracting myocytes to a significant extent. Rather, 
presumed paracrine mechanisms are likely responsible for the observed benefits of trans-
planted cells on myocardial function in several studies. So far, there are no conclusive data 
showing that a particular cell population should be preferred. In most clinical studies, unse-
lected mononuclear bone marrow cells are used and progenitor or stem cells are only a small 
fraction of the infused bone marrow cells. Because the paracrine function is considered as an 
important mechanism, and all mononuclear cells are capable of releasing vast amounts of 
growth factors and cytokines, it has been suggested that the potential beneficial effects can 
be attributed to the combined effects of all infused mononuclear cells, rather than the small 
progenitor cell subpopulation present in the bone marrow. These considerations constituted 
the rationale for a large Dutch, randomized controlled trial with 3 arms. In addition to ran-
domization to intracoronary infusion of mononuclear bone marrow cells or standard therapy, 
patients were randomized to a third arm in which we infused unselected mononuclear cells 
isolated from the peripheral blood. 
In Chapter 13 the design of this study named the HEBE trial, is described. Patients with an 
acute large myocardial infarction treated with primary PCI undergo baseline CMR and a total 
of 200 patients are randomized to treatment with (1) intracoronary infusion of autologous 
mononuclear bone marrow cells, (2) intracoronary infusion of peripheral mononuclear blood 
cells, or (3) standard therapy. Mononuclear cells are isolated from bone marrow aspirate or 
venous blood by density gradient centrifugation. Within 7 days after PCI and within 24 h after 
bone marrow aspiration or blood collection, a catheterization for intracoronary infusion of 
the mononuclear cells in the infarct-related artery is performed. The primary endpoint of the 
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study is the change in regional myocardial function in dysfunctional segments at 4 months 
relative to baseline, based on segmental analysis as measured by CMR.  
Prior to the randomized trial, we performed a pilot study in all participating centers and the 
results are described in Chapter 14. This study was a non-randomized pilot trial to determine 
safety and feasibility of intracoronary infusion of bone marrow cells in patients with acute 
myocardial infarction. In this study all 26 included patients were treated with mononuclear 
bone marrow cells. The results demonstrated that bone marrow cell therapy can be per-
formed safely, and may provide functional benefits. At 4-month follow-up, a modest increase 
in global and regional LV function was observed, with a concomitant decrease in infarct size. 
The major limitation of this trial is of course the lack of a randomized control group. However, 
this study was designed as a phase I safety and feasibility trial. Because multiple centers and 
stem cell laboratories are involved, this pilot study and the final randomized HEBE trial allow 
a more general feasibility assessment, in contrast to all previous single-center studies.  
The considerable degree of heterogeneity in the results of the previous published small and 
mid-sized randomized trials may in part be explained by differences in cell isolation protocols. 
Most clinical studies have used a stop-flow technique with an over-the-wire balloon catheter 
for cell infusion. However, isolation protocols have differed substantially. To validate the cell 
isolation method used in the HEBE trial, we compared in Chapter 15 our processing protocol 
with the methods used in the previous published ASTAMI and REPAIR-AMI trial. Several 
quantitative and qualitative in vitro parameters were tested; cell recovery, viability, hemato-
poietic stem/ progenitor cell count and CXCR4 expression were determined by flow cytomet-
ric analyses. In addition, semi-solid Colony Forming Unit-Granulocyte-Macrophage cultures 
and a migration assay were performed to test the functionality of the isolated (progenitor) 
cells. The study demonstrated that the cell-processing protocol applied in the HEBE trial 
results in a cell fraction of which the quantity and quality is at least comparable to a success-
ful study like the REPAIR-AMI trial. Furthermore, we show that the choice of density gradient 
solution has no effect on cell recovery; however the composition of the washing medium and 
centrifugation speed directly influences cell recovery and functional activity of the isolated 
cells. 
In Chapter 16 the main results of the randomized, controlled HEBE trial are presented.  
Between August 2005 and April 2008, 200 patients with first STEMI treated with primary PCI 
and stent implantation, were enrolled in 8 hospitals in the Netherlands. After 4-months 
follow-up, there were no significant differences between the treatment groups and standard 
therapy in the efficacy endpoints that were evaluated, including the primary endpoint of 
percentage of dysfunctional segments at baseline with improved segmental wall thickening 
and the secondary endpoints of change in LVEF, volumes, mass and infarct size. In relation to 
the earlier studies the following important aspects were combined in the HEBE trial: CMR was 
used for assessment of the primary endpoint of change in regional myocardial function, 
patients with relatively large first myocardial infarctions and short total ischemic time were 
included, and cell infusion was performed at the same day of cell harvesting. In conclusion, 
the potential benefit of intracoronary delivery of mononuclear cells from bone marrow or 
peripheral blood after acute myocardial infarction could not be confirmed in this relative 
large trial.  
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In conclusion, in the HEBE trial intracoronary bone marrow cell infusion after acute myo-
cardial infarction did not result in improved regional or global myocardial function. Therefore, 
to date this type of cell therapy is not a valuable tool in preventing heart failure-related 
morbidity or mortality. Further experimental and clinical research is needed before the 
promising results of experimental cell therapy can be translated and applied into clinical 
practice. The precise cellular mechanism of bone marrow cell therapy remains to be eluci-
dated and optimized. The greatest potential of cell therapy is true cardiac regeneration 
through differentiation into cardiomyocytes. However, studies so far suggest that bone-
marrow progenitor cells do not appear to differentiate into cardiomyocytes to a significant 
extent. If myocardial regeneration is the goal, studies will be required to identify the appro-
priate cell type, and local environmental manipulation is probably required for effective 
tissue replacement to occur. To accomplish functional recovery and improved clinical out-
come, careful consideration at each step is required, from choice of cell type, isolation 
method, delivery route, survival and proliferation, elctromechanical integration, to stable and 
safe long-term integration. 
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Samenvatting van het proefschrift 

In dit proefschrift worden nieuwe ontwikkelingen beschreven die betrekking hebben op 
klinische en functionele uitkomstmaten na verschillende vormen van coronaire revascularisa-
tie in patiënten met een acuut coronair syndroom (ACS). ACS is een werkdiagnose die wordt 
gesteld bij patiënten die zich presenteren met klinische symptomen passend bij ischemie 
(zuursof tekort) van de hartspier en omvat zowel instabiele angina pectoris als het ST-elevatie 
myocardinfarct (STEMI) en niet-ST-elevatie myocardinfarct (NSTEMI). Deze levensbedreigen-
de aandoeningen zijn verantwoordelijk voor een groot deel van de spoedeisende zorg en 
ziekenhuisopnamen in de Westerse wereld. In de afgelopen 25 jaar zijn er belangrijke nieuwe 
behandelingsmogelijkheden ontwikkeld voor patiënten met een ACS. Uit diverse onderzoe-
ken komt naar voren dat intensieve medicamenteuze therapie en diagnostische coronair 
angiografie gevolgd door percutane coronaire interventie (PCI) of coronaire arteriële by-
passoperatie (CABG) de incidentie van sterfte, (recidief) myocardinfarct en recidiverende 
myocardiale ischemie kan verminderen. 
In patiënten met een STEMI, waarbij de infarctgerelateerde coronair arterie meestal volledig 
is afgesloten en er transmurale myocardiale ischemie aanwezig is, is aangetoond dat hoe 
eerder mechanische reperfusie in de vorm van primaire PCI is bewerkstelligd hoe lager de 
mortaliteit. Bij patiënten met instabiele angina pectoris of NSTEMI is de coronair arterie in de 
regel nog doorgankelijk en deze patiënten hebben meestal een goede respons op initiële 
medicamenteuze therapie. Echter ook bij deze categorie patiënten is invasieve diagnostiek 
en revascularisatie (indien de coronaire anatomie dit toelaat) een belangrijk onderdeel van 
de behandeling. In dit proefschrift worden verschillende nieuwe ontwikkelingen in de 
invasieve behandeling van patiënten met ACS onderzocht en beschreven.  
 
In het eerste deel van dit proefschrift worden de resultaten beschreven van een grote in 
Nederland opgezette en uitgevoerde multicenter studie: de ‘Invasive versus Conservative 
Treatment in Unstable coronary Syndromes’-(ICTUS)-studie. In deze studie werd een vroeg 
invasieve behandelstrategie en een selectief invasieve behandelstrategie vergeleken bij 
patiënten met ACS zonder ST-elevatie op het ECG (nSTE-ACS) en met een verhoogde tropo-
nine-T-waarde. Bij de vroeg invasieve strategie ondergingen alle patiënten binnen 2 dagen 
na opname een coronair angiografie en werd een PCI of CABG verricht indien de coronaire 
anatomie dit toeliet. Bij de selectief invasieve strategie werden coronair angiografie en 
eventuele revascularisatie alleen verricht, als de medicamenteuze therapie was mislukt of als 
er myocardiale ischemie was gedetecteerd middels een niet-invasieve diagnostische test. 
Eerdere studies hebben aangetoond dat na een routinematige, vroeg invasieve strategie de 
incidentie van sterfte, myocardinfarct en heropname wegens angina pectoris significant was 
afgenomen. Dit effect was voornamelijk zichtbaar in patiënten met een hoog risico. Tijdens 
de initiële ziekenhuisopname was een vroeg invasieve strategie geassocieerd met een 
hogere incidentie van complicaties (recidief myocardinfarct, overlijden), maar dit vroege 
risico woog op tegen het voordeel van het voorkómen van dergelijke complicaties op de 
lange termijn. Het is niet duidelijk of een vroeg invasieve strategie de mortaliteit op lange 
termijn kan reduceren. Tevens zijn de resultaten van de studies sterk afhankelijk van de 
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definities van een myocardinfarct die worden gebruikt. Daarnaast is de laatste jaren de medi-
camenteuze behandeling verbeterd en deze nieuwe medicamenten zijn niet gebruikt in de 
eerdere studies.  
In Hoofdstuk 2 worden de lange termijnresultaten (tot 4 jaar na inclusie) van de ICTUS studie 
beschreven. In tegenstelling tot de resultaten van eerdere studies konden we niet aantonen 
dat een vroeg invasieve strategie beter is dan een selectief invasieve strategie. Een vroeg 
invasieve strategie leidde tot minder heropnames wegens angina pectoris maar voorkwam 
het optreden van spontane myocardinfarcten of overlijden niet. De keerzijde van de vroeg 
invasieve strategie was de hogere incidentie van de myocardinfarcten gerelateerd aan de 
revascularisatie procedures zelf. Een mogelijke verklaring voor het neutrale effect in de ICTUS 
studie is het relatief hoge percentage patiënten in de selectief invasieve groep dat een PCI of 
CABG onderging. Maar ook van belang is de geoptimaliseerde medicamenteuze behandeling 
met onder meer laagmoleculaire heparine, het gebruik van glycoproteine IIb/IIIa-
receptorantagonisten tijdens de PCI, de toepassing van clopidogrel en het gebruik van 
intensieve medicamenteuze therapie voor secundaire preventie tijdens de follow-upperiode. 
Opvallend is dat we ook geen voordeel zagen van een vroeg invasieve strategie in patiënten 
met het hoogste risico profiel gebaseerd op de FRISC score, een eerdere ontwikkelde risico-
stratificatie score. 
In tegenstelling tot de gerandomiseerde studies, tonen observationele studies duidelijk aan 
dat nSTE-ACS patiënten die gerevasculariseerd zijn een betere prognose hebben dan patiën-
ten die conservatief zijn behandeld. Om meer inzicht te krijgen in deze op het oog tegen-
strijdige resultaten hebben we in Hoofdstuk 3 de gegevens van de patiënten in de ICTUS 
studie geanalyseerd alsof het een observationele studie betreft. In lijn met de observationele 
studies, hebben patiënten in de ICTUS die daadwerkelijk een PCI of CABG hebben ondergaan 
tijdens de ziekenhuisopname minder kans om te overlijden of een recidief myocardinfarct te 
krijgen tijdens de follow-upperiode dan patiënten die geen revascularisatie hebben gehad. 
De slechtere prognose van patiënten die geen revascularisatie ondergingen werd voorname-
lijk veroorzaakt door de patiënten die weldegelijk een coronair angiogram hadden onder-
gaan, maar waarbij revascularisatie niet mogelijk of wenselijk was vanwege comorbiditeit of 
te hoge proceduregerelateerde complicatierisico’s. De conclusie van dit hoofdstuk is dat 
gegevens van niet-gerandomiseerde observationele studies met betrekking tot de waarde 
van revascularisatie in patiënten met nSTE-ACS, niet kunnen worden gebruikt om uit te 
maken of een vroeg invasieve strategie beter is dan een selectieve invasieve strategie. 
Zoals al aangegeven hebben eerder uitgevoerde studies naar de optimale behandelstrategie 
in nSTE-ACS voornamelijk een positief effect van een vroeg invasieve strategie aangetoond 
bij patiënten met een hoog risico op overlijden of het krijgen van een (recidief) myocardin-
farct. In de volgende 3 hoofdstukken zijn we op zoek gegaan naar factoren die patiënten met 
een dergelijk hoog risico kunnen identificeren en of we inderdaad op basis van deze factoren 
patiënten kunnen selecteren die voordeel hebben van een vroeg invasieve strategie.  
In Hoofdstuk 4 gaan we in op de waarde van ST-segment deviatie gemeten op het elektro-
cardiogram (ECG) bij ziekenhuisopname bij patiënten die deelnamen aan de ICTUS studie. 
Zoals verwacht was het hebben van ST-segment deviatie inderdaad geassocieerd met een 
slechtere prognose. Met betrekking tot de optimale behandelstrategie zagen we dat patiën-
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ten met ST-segment deviatie die geloot hadden voor een selectief invasieve behandelstrate-
gie vaker dan patiënten zonder deze ECG afwijkingen uiteindelijk toch een coronair angio-
gram ondergingen en meer kans hadden op het krijgen van een recidief myocardinfarct. We 
concludeerden dan ook dat patiënten met een nSTE-ACS en ST-segment deviatie mogelijk 
een voordeel hebben van een vroeg invasieve behandelstrategie. 
In Hoofdstuk 5 en Hoofdstuk 6 onderzochten we de prognostische waarde van de concen-
tratie van NT-proBNP en cystatine C in het bloedserum, afgenomen bij initiële ziekenhuisop-
name. In het kort, NT-proBNP is een hormoon dat gerelateerd is aan de wandspanning en 
aan ischemie van het myocard en cystatine C is een relatieve nieuwe indicator voor de 
nierfunctie. In de ICTUS populatie bleken beide factoren belangrijke onafhankelijke voorspel-
lers voor mortaliteit en cystatine C was tevens geassocieerd met het optreden van een 
recidief myocardinfarct tijdens follow-up. Echter op basis van geen van beide factoren 
konden we patiënten identificeren die mogelijk voordeel hadden van een vroeg invasieve 
behandelstrategie. 
Hoofdstuk 7 is het laatste onderzoek betreffende de ICTUS studie en beschrijft een kosten-
effectiviteitsstudie vanuit het perspectief van de zorgverstrekker. De resultaten van deze 
studie laten zien dat een vroeg invasieve strategie meer kost dan een selectief invasieve 
strategie zonder duidelijk effectiever te zijn. In beide groepen werden de kosten voor-
namelijk veroorzaakt door de invasieve procedures (coronair angiogram, PCI en CABG) en als 
tweede door de kosten van de ligdagen in het ziekenhuis. De hogere kosten in de vroeg 
invasieve strategie door meer invasieve procedures wogen niet op tegen de kosten veroor-
zaakt door de extra ligdagen in het ziekenhuis in de selectief invasieve groep.  
Concluderend laat de ICTUS studie zien dat een vroeg invasieve strategie bij patiënten met 
nSTE-ACS met een verhoogde troponine-T-waarde niet beter is dan een selectief invasieve 
strategie. Deze uitkomst rechtvaardigt implementatie van een van beide strategieën. Echter 
belangrijk om te realiseren is de geoptimaliseerde medicamenteuze behandeling in deze 
studie en het hoge percentage patiënten in de selectief invasieve groep dat alsnog werd 
gerevasculariseerd (54% na 1 jaar). De winst van elke behandeling bij patiënten met een ACS, 
zowel medicamenteus als niet-medicamenteus (revascularisatie), is afhankelijk van het risico 
dat de patiënt loopt op het krijgen van ischemisch cardiovasculaire event op termijn, afge-
wogen tegen het risico op een behandelingsgerelateerde complicatie. Het is belangrijk om 
bij verder onderzoek de juiste factoren te identificeren waarmee patiënten kunnen worden 
geselecteerd die het meeste voordeel hebben bij een vroeg invasieve strategie. Daarnaast 
moet er meer onderzoek worden verricht naar het optimale tijdstip van een eventuele 
interventie. 
 
In het tweede deel van dit proefschrift worden klinische en voornamelijk functionele uit-
komsten van patiënten met een acuut myocardinfarct behandeld, middels een primaire PCI, 
beschreven. 
In Hoofdstuk 8 hebben we in een observationele studie de mortaliteit op de lange termijn 
onderzocht van patiënten met coronair lijden die een PCI ondergingen. We waren geïnteres-
seerd in verschillen in mortaliteit tussen patiëntencategorieën ingedeeld op basis van de 
indicatie van PCI. Alle patiënten die in het Academisch Medisch Centrum tussen 1995 en 
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2005 een PCI ondergingen werden vervolgd en ingedeeld in 3 groepen: patiënten die een 
primaire PCI ondergingen voor een STEMI, patiënten met instabiel angina pectoris of een 
NSTEMI en patiënten met stabiele angina pectoris. Uit het onderzoek bleek dat patiënten die 
werden behandeld voor een STEMI de eerste 6 maanden een groter risico hadden om te 
overlijden dan de andere twee groepen, maar vanaf 6 maanden tot 6 jaar een vergelijkbaar 
overlijdensrisico hadden. Onze resultaten benadrukken de noodzaak van additionele behan-
delingsstrategieën gericht op het voorkomen van overlijden in de vroege fase na een STEMI 
om de overleving van deze patiënten te bevorderen. 
Net als bij patiënten met een nSTE-ACS is accurate risicostratificatie ook bij deze patiëntenca-
tegorie van groot belang om de juiste patiënten te selecteren voor aanvullende behande-
lingen. In patiënten met STEMI zijn al verscheidene factoren geïdentificeerd die de klinische 
en functionele uitkomst kunnen voorspellen en verschillende technieken zijn beschikbaar 
om deze factoren te meten. De laatste jaren is er steeds meer aandacht voor cardiovasculaire 
magnetische resonantie (CMR) als diagnostisch en prognostisch hulpmiddel in patiënten met 
ACS. De volgende hoofdstukken beschrijven het gebruik van CMR voor de evaluatie van de 
myocardfunctie, de infarct grootte en in het bijzonder het bepalen van microvasculaire 
schade bij patiënten die na een acuut myocardinfarct behandeld zijn met een primaire PCI. 
Vervolgens hebben we deze CMR metingen vergeleken met al bekende factoren gemeten 
met andere technieken zoals het elektrocardiogram en coronair angiogram en gekeken naar 
hun voorspellende waarden voor het functionele herstel van het myocard.  
Microvasculaire schade, ook wel microvasculaire obstructie (MVO) genoemd, is een term die 
gebruikt wordt voor schade aan de kleinere bloedvaatjes, waardoor er onvolledig herstel van 
de bloedtoevoer is naar het beschadigde myocard, ondanks dat de epicardiale bloedstroom 
is hersteld. Verschillende technieken worden gebruikt om MVO te detecteren en kwanti-
ficeren waaronder CMR en intracoronaire metingen van de bloedstroomsnelheid. In Hoofd-

stuk 9 vergelijken we deze twee technieken in 27 patiënten na een primaire PCI. In deze 
studie correleerde de grootte en uitgebreidheid van MVO, gemeten met CMR, goed met 
intracoronaire karakteristieken passend bij een gestoorde microcirculatie, zoals een vroege 
systolische retrograde bloedstroom, een snelle vermindering van de diastolische bloed-
stroomsnelheid en een verminderde coronaire bloedstroomreserve. Deze resultaten geven 
aan dat CMR een geschikte niet-invasieve onderzoeksmethode is om naast myocardfunctie 
en infarct grootte ook MVO te bepalen. 
In de huidige klinische praktijk wordt het ECG gebruikt om te bepalen of reperfusie van het 
myocardweefsel geslaagd is. Vlak na een primaire PCI wordt een ECG gemaakt en beoordeeld 
op normalisatie van het ST-segment (gescoord als ST-segment resolutie of residuale ST-
segment elevatie) en het aanwezig zijn van Q-golven. Het is onvoldoende bekend of vroege 
beoordeling van Q-golven extra informatie biedt naast de beoordeling van het ST-segment 
in relatie tot de schade aan het myocard na primaire PCI. Daarom hebben we in Hoofdstuk 

10 de relatie onderzocht tussen deze ECG kenmerken en de myocardfunctie, infarct grootte 
en MVO gemeten met CMR een week na primaire PCI in 180 patiënten met een STEMI. Uit 
onze analyse komt dat residuale ST-segment elevatie en het aantal Q-golven op het ECG 
complementair zijn in het voorspellen van de myocardfunctie en necrose. Residuale ST-
segment elevatie en het aantal Q-golven waren onafhankelijke voorspellers voor de myo-
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cardfunctie. Tevens was residuale ST-segment elevatie het sterkst geassocieerd met MVO, 
terwijl het aantal Q-golven het beste de grootte en transmuraliteit van het infarct voorspelde. 
Het herstel van de microvasculaire bloedstroom in patiënten met een acuut myocardinfarct 
wordt gezien als een belangrijke factor voor een goede functionele uitkomst en prognose. 
Zoals eerder beschreven zijn er verschillende technieken om MVO te bepalen waarvan het 
ECG en angiografie het meest worden gebruikt. Het is echter onvoldoende bekend hoe deze 
ECG en angiografische parameters correleren met CMR kenmerken van MVO en hoe vervol-
gens de relatie is met het herstel van de myocardfunctie over de tijd. In Hoofdstuk 11 
onderzochten we deze relatie en vonden dat de ECG parameter ST-segment resolutie corre-
leerde met de aanwezigheid van MVO gemeten met CMR. Deze relatie was er echter niet 
voor de angiografische parameters (TIMI flow grade en myocardial blush grade) en CMR. Van 
alle angiografische, ECG en CMR parameters was MVO gemeten met CMR de beste voorspel-
ler voor een slecht herstel van de pompfunctie van het hart na 4 maanden.  
In Hoofdstuk 12 wordt dieper ingegaan op de techniek om MVO te bepalen met CMR. Om 
infarct grootte en MVO te beoordelen is het nodig om contrastmiddel tijdens de scan te 
gebruiken. Verschillende scantechnieken zijn mogelijk afhankelijk van het tijdstip na con-
trastinjectie: (1) het bepalen van verminderde perfusie van het myocard tijdens de eerste 
passage van het contrast (~1 minuut na contrastinjectie), (2) het uitblijven van contrastaan-
kleuring in het necrotische myocard op de scans ongeveer 2 minuten na contrastinjectie en 
(3) het uitblijven van contrastaankleuring ongeveer 10 tot 15 minuten na contrast (late MVO). 
Deze 3 technieken hebben we vergeleken in 63 STEMI patiënten. Late MVO bleek de beste 
voorspeller voor een verminderd herstel van de pompfunctie van het hart na 4 maanden. 
Daarnaast leverde deze techniek beelden op met het beste contrast in signaalintensiteit 
tussen het infarctgebied met MVO en het naastgelegen infarctgedeelte zonder MVO. Tevens 
geeft de late fase na contrasttoediening additionele informatie over grootte en transmurali-
teit van het infarct en bijvoorbeeld de vorming van een thrombus.  
Concluderend is het advies dan ook om de CMR techniek waarin gescand wordt in de late 
fase na contrasttoediening te gebruiken voor de evaluatie van MVO in patiënten na een 
acuut myocardinfarct. De aanwezigheid van MVO op late CMR contrastbeelden is een be-
langrijke factor voor risicostratificatie in patiënten na primaire PCI en is een betere voor-
speller voor functieherstel dan veel gebruikte angiografische en ECG parameters. Tevens 
geeft deze techniek informatie over de grootte en uitgebreidheid van het myocardinfarct. 
Deze methode lijkt dan ook geschikt om gebruikt te worden voor de selectie van patiënten 
die in aanmerking komen voor aanvullende behandeling. Verder zou CMR een centrale rol 
moeten spelen als eindpuntmeting voor studies die nieuwe therapieën onderzoeken om 
microvasculaire schade te beperken. Aanvullend onderzoek is echter nodig om onze resul-
taten te bevestigen in een grotere studiepopulatie en om de relatie met klinische uitkomst-
maten op de lange termijn te bepalen. 
 
In het laatste deel van dit proefschrift hebben we de mogelijkheden van celtherapie onder-
zocht als additionele behandeling bij patiënten met een groot myocardinfarct. Ongeveer 10 
jaar geleden verschenen de eerste preklinische onderzoeken waarin aangetoond werd dat de 
infusie van autologe beenmergcellen na een acuut myocardinfarct kan leiden tot een verbe-
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tering van de pompfunctie van het hart. Al snel daarna volgde de eerste kleine, niet geran-
domiseerde studies in patiënten waarbij de beenmergcellen enkele dagen na het myocardin-
farct intracoronair werden geïnjecteerd. De eerste conclusies van deze studies waren dat 
celtherapie veilig leek, de myocardfunctie beter leek te herstellen en de perfusie van het 
myocard verbeterde. Daarna volgde enkele kleine tot middelgrote gerandomiseerde studies 
die tegenstrijdige resultaten lieten zien met betrekking tot de effectiviteit. 
Tot op heden blijven de werkingsmechanismen van celtherapie niet volledig opgehelderd. 
Zoals in eerste instantie werd gedacht (gehoopt), lijken de geïnjecteerde beenmergcellen 
niet te transformeren tot een substantieel aantal nieuwe contraherende myocardcellen. Een 
paracriene functie van de geïnjecteerde cellen lijkt een meer plausibele verklaring voor de 
geobserveerde verbetering in myocardfunctie. Hiermee wordt bedoeld het door de cellen 
uitscheiden van stofjes zoals groeifactoren en cytokines die kunnen leiden tot bijvoorbeeld 
de vorming van nieuwe bloedvaatjes. Deze bloedvaatjes kunnen zorgen voor een verbeterde 
doorbloeding van het myocard. Het is vooralsnog niet duidelijk welke celpopulatie moet 
worden geïnjecteerd voor het beste resultaat. In de meeste klinische studies worden ongese-
lecteerde mononucleaire beenmergcellen gebruikt en de hoeveelheid voorloper- of stam-
cellen in deze fractie is maar klein. Omdat de paracriene functie van de cellen geacht wordt 
een belangrijke rol te spelen en alle mononucleaire cellen instaat zijn om groeifactoren en 
cytokines uit te scheiden, wordt door sommige onderzoekers verondersteld dat de mogelijk 
gunstige effecten van deze vorm van celtherapie toegeschreven kan worden aan de infusie 
van alle cellen in zijn geheel en niet alleen van de kleine hoeveelheid stamcellen die aanwe-
zig zijn in de gebruikte celpopulatie. Deze overwegingen hebben geleid tot het opzetten van 
een grote, gerandomiseerde Nederlandse studie waarin patiënten met een groot myocardin-
farct gerandomiseerd worden naar 3 groepen. Behalve loting voor een intracoronaire injectie 
met mononucleaire beenmergcellen of standaard therapie (controle groep), konden patiën-
ten loten voor een behandeling met een intracoronaire injectie van mononucleaire cellen 
geïsoleerd uit het perifere bloed van de patiënten.  
In Hoofdstuk 13 wordt de opzet beschreven van deze studie, genaamd de HEBE studie. De 
studie betreft een gerandomiseerde vergelijking tussen 3 behandelingen: (1) intracoronaire 
infusie van autologe mononucleaire beenmergcellen, (2) intracoronaire infusie van perifere 
mononucleaire bloedcellen en (3) standaard behandeling (controle). Voor deze studie wer-
den 200 patiënten geïncludeerd met een groot acuut myocardinfarct behandeld met primai-
re PCI. Indien van toepassing werden mononucleaire cellen geïsoleerd uit beenmerg of 
veneus bloed en vervolgens binnen 7 dagen na de primaire PCI tijdens een hartkatheterisatie 
lokaal geïnjecteerd in de infarct gerelateerde coronair arterie. Het primaire eindpunt was de 
verandering van de regionale linker kamer functie in disfunctionele segmenten op 4 maan-
den ten opzichte van baseline gemeten met behulp van CMR.  
Voordat we begonnen aan de gerandomiseerde studie hebben we eerst een pilotstudie 
verricht in alle deelnemende ziekenhuizen om de veiligheid en uitvoerbaarheid te testen en 
de resultaten hiervan worden beschreven in Hoofdstuk 14. In deze studie werden 26 patiën-
ten geïncludeerd die allen behandeld werden met intracoronaire infusie van autologe 
mononucleaire beenmergcellen. De resultaten lieten zien dat de procedure veilig en uitvoer-
baar was in een multicenter opzet. Na 4 maanden werd een bescheiden toename van globale 
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en regionale linker ventrikel functie gezien en een afname van infarct grootte. Natuurlijk is 
een groot nadeel van deze studie het ontbreken van een controle groep om de resultaten 
mee te vergelijken. Echter deze studie was primair opgezet om de veiligheid en haalbaarheid 
van deze nieuwe behandeling te beoordelen en niet om de effectiviteit aan te tonen.  
De tegenstrijdige resultaten van eerdere gerandomiseerde studies worden mogelijke ver-
klaard door verschillen in de methoden van celisolatie. Om ons protocol van celisolatie te 
valideren, hebben we in Hoofdstuk 15 deze methode vergeleken met de methoden ge-
bruikt in twee eerdere studies, de ASTAMI en REPAIR-AMI studie. Verschillende kwantitatieve 
en kwalitatieve in vitro parameters werden getest, waaronder celopbrengst, viabiliteit van de 
cellen, het aantal hematopoetisch stamcellen en de expressie van de CXCR4 receptor. Ook 
hebben we de functionaliteit van de geïsoleerde cellen getest met behulp van celkweken en 
migratie testen. Deze studie toonde aan dat het protocol zoals we hebben gebruikt in de 
HEBE studie resulteerde in een celfractie die kwantitatief en kwalitatief vergelijkbaar was met 
de REPAIR-AMI studie welke een positief effect heeft aangetoond van celinfusie op de pomp-
functie van het hart. 
In Hoofdstuk 16 worden de resultaten beschreven van de HEBE studie. Tussen augustus 
2005 en april 2008 werden 200 patiënten geïncludeerd in 8 ziekenhuizen in Nederland. Na 4 
maanden follow-up werden geen verschillen gezien tussen de twee behandelingsgroepen 
en de controle groep in de geëvalueerde eindpunten waaronder het primaire eindpunt de 
verandering in regionale myocardfunctie en de secundaire eindpunten waaronder de ver-
anderingen in linker ventrikel ejectiefractie, volumina, massa en infarct grootte. In verge-
lijking met de eerder verrichte celtherapie studies hebben we de volgende belangrijke 
factoren in de HEBE studie gecombineerd: CMR is gebruikt als methode om het primaire 
eindpunt te meten, patiënten met relatief grote eerste myocardinfarcten en een korte ische-
mie tijd werden geïncludeerd en celinfusie werd verricht op dezelfde dag als beenmerg of 
bloed afname. In de HEBE studie konden we de eerdere positieve resultaten van intracoronai-
re injectie van beenmergcellen dus niet bevestigen.  
Concluderend laat de HEBE studie zien dat de intracoronaire injectie van beenmergcellen na 
een acuut myocard infarct niet resulteert in een verbetering van de globale of regionale 
myocardfunctie. Deze vorm van celtherapie is dan ook niet zinvol als aanvullende behande-
ling voor het voorkómen van hartfalen gerelateerde morbiditeit of mortaliteit. Verder ex-
perimenteel en klinisch onderzoek is nodig voordat de veelbelovende resultaten uit eerder 
onderzoek zullen leiden tot een nieuwe behandeling in de klinische praktijk. Een belangrijk 
aspect is om meer inzicht te krijgen in het werkingsmechanisme op cellulair niveau. De 
grootste winst van celtherapie is te behalen door werkelijke regeneratie van het myocard 
door differentiatie van de cellen in nieuwe hartspiercellen. Tot dusver lijkt hier in de huidige 
klinische studies geen sprake van. Als regeneratie van het hartspierweefsel het doel van de 
behandeling is, zijn studies nodig om het juiste celtype te identificeren en is waarschijnlijk 
aanpassing van het lokale milieu waarin de cellen moeten differentiëren noodzakelijk. Om te 
komen tot functioneel herstel van het myocard en een betere klinische uitkomst zal iedere 
stap moeten worden afgewogen: van keuze in celtype, de isolatie, de toedieningmethode, de 
overleving en proliferatie, de elektromechanische koppeling tot stabiele en veilige integratie 
in het weefsel. 
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Dankwoord 

Zoals elke promovendus heb ook ik mijn promotieonderzoek zeker niet alleen verricht. Ik heb 
mogen werken aan studies waaraan een groot aantal mensen, afdelingen en ziekenhuizen 
hebben meegewerkt. Zo heb ik niet alleen samengewerkt met cardiologische afdelingen, 
maar ook met de afdelingen cardiothoracale chirurgie, hematologie en radiologie en met 
verschillende stamcellaboratoria in Nederland. Samenwerking tussen verschillende afdelin-
gen en ziekenhuizen is niet altijd vanzelfsprekend en ik heb ieders bereidheid tot deelname 
dan ook erg gewaardeerd. Hierbij wil ik allen die hebben bijgedragen van harte bedanken. 
Zonder anderen tekort te doen, wil ik hier een aantal van hen in het bijzonder noemen. 

Allereerst mijn promotoren, prof. dr. J.J. Piek en prof. dr. R.J. de Winter. Beste Jan, al snel 
kwam ik er achter dat onze manier van werken op vele vlakken verschillend is en ik moet 
eerlijk toegeven dat ik daar wel aan heb moeten wennen. Maar ik waardeer je openheid, 
eerlijkheid, je positieve houding en directe aanpak van problemen. Via omwegen is er dan 
toch een Nederlandse multicenter stamcel studie gekomen en ik ben erg blij dat je mij vanaf 
het begin af aan bij alle aspecten van de studie hebt betrokken. Ik heb dan ook veel geleerd 
van de vele besprekingen op het ICIN, het werven van sponsoren en de onvermijdelijke 
politieke zaken. 

Beste Rob, natuurlijk wil ik ook jou bedanken voor de begeleiding tijdens de afgelopen jaren. 
Zoals vaak, is ook mijn promotie anders gelopen dan vooraf gepland. Aanvankelijk zou ik 
starten met een Europese celtherapie studie, vervolgens werd het experimenteel onderzoek 
met een muizeninfarct-model en uiteindelijk is het toch klinisch onderzoek geworden waar-
onder de ICTUS studie. Ik ben erg blij dat ik onder jouw begeleiding ben gebleven en ik deel 
mocht zijn van het ICTUS team. Onze besprekingen en jouw grote wetenschappelijke kennis 
heb ik altijd erg gewaardeerd en ik heb de afgelopen jaren veel van je geleerd. Ik ben dan 
ook erg blij dat je mijn promotor kan zijn. 

Mijn copromotor prof. dr. J.G.P. Tijssen. Beste Jan, ik heb onze vele statistische besprekingen 
als zeer leerzaam en leuk ervaren. Het kost vaak enige moeite om je te spreken maar als het 
lukt, geef je je volledige aandacht en weet je binnen korte tijd de vinger op de zwakke plek te 
leggen. Voor de HEBE studie heb je veel werk verricht en vooral voor een goede, degelijke 
start gezorgd. Bedankt daarvoor. 

De overige leden van mijn promotiecommissie, prof. dr. W.J. van der Giessen, prof. dr. S. 
Janssens, prof. dr. J.W. Jukema, prof. dr. M.M. Levi, prof. dr. Y.M. Pinto en prof. dr. A.H. Zwin-
derman wil ik danken voor hun bereidheid mijn proefschrift kritisch te boordelen en zitting 
te nemen in mijn promotiecommissie. 

Ik wil natuurlijk alle ICTUS en HEBE onderzoekers bedanken.  

Prof. dr. Zijlstra, prof. dr. van Rossum en prof. dr. Zwaginga, beste Felix, Bert en Jaap Jan, heel 
erg bedankt voor de samenwerking in de afgelopen jaren. Ik heb veel geleerd van de verga-
deringen, jullie kritische houding en opbouwende commentaren. Beste Bart Biemond, het 
heeft even geduurd voordat ze op de CCU gewend waren aan beenmergpuncties. Bedankt 
voor je enthousiasme en inzet voor de HEBE. Wanneer we je ook belden, je maakte altijd tijd.  



Dankwoord 259 

Margriet, de spil van de ICTUS en HEBE. Ik weet zeker dat zonder jou de ICTUS studie niet zo’n 
succes was geworden. Hoe jij en Fons het voor elkaar hebben gekregen weet ik niet, maar 
het is jullie gelukt. Ik heb je gelukkig daarna ook nog weten te strikken voor de HEBE. Afge-
zien van de grote hoeveelheid werk die je hebt verricht, is het ontzettend gezellig met je 
samenwerken. Esther, Whilma, Karla, Ineke, Volkert en Wim natuurlijk ook bedankt voor al het 
werk.  

Zonder hulp van de klinische chemie was de ICTUS niet mogelijk geweest. Prof. dr. G. Sanders, 
beste Gerard, Johan Fischer en Jan van Straalen bedankt. Jan, ik zal zeker niet vergeten hoe 
wij 3 dagen in de vriezer in de kelder van het AMC hebben gezeten om 1200 epjes uit te 
zoeken. Dat gaat je niet in de koude kleren zitten.  

Een groot deel van mijn onderzoek heeft plaatsgevonden op de cathkamers en ik wil dan ook 
alle interventiecardiologen (Marije Vis, Jan Baan, José Henriques, Karel Koch en Rene van der 
Schaaf) bedanken voor de hulp. Natuurlijk wil ik ook al het ondersteunend personeel bedan-
ken en dan voornamelijk Mieke van Duinen voor haar rol bij de HEBE.  

Zonder MRI geen HEBE. Het was niet altijd even makkelijk om met spoed een plek geregeld 
te krijgen. Raschel Snoeks en Sandra van der Berg-Faay bedankt voor jullie flexibiliteit: zeven 
uur ’s ochtends of in het weekend, jullie waren nooit te beroerd om te komen. Anje Spijker-
boer en Maarten Groenink bedankt voor jullie medewerking. 

Ook buiten het AMC heb ik veel hulp gekregen. Prof. dr. Verheugt en dr. Cornel bedankt voor 
de samenwerking in het kader van de ICTUS. Pieter, jij kwam als laatste van ons drieën het 
HEBE onderzoekers team versterken, maar zonder jou waren we nu nog bezig met de inclusie. 
Succes met je eigen verdediging. Liewe bedankt voor je hulp en Farshid succes met het 
uitwerken van alle MRI data. En natuurlijk de hulp vanuit het Sanquin. Zonder jullie was de 
HEBE niet van de grond gekomen. Ingrid bedankt voor de organisatie rondom alle been-
merg- en bloedsamples en de vele metingen die je hebt verricht. Serge, Rachel, Carlijn, Willy 
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verzamelde data. Ik wil natuurlijk ook de WSN bedanken voor de samenwerking. 

Gelukkig heb ik aan het eind van mijn onderzoeksperiode versterking gekregen. Anja, ik 
waardeer je enthousiasme en gedrevenheid. Je hebt niet voor het makkelijkste promotietra-
ject gekozen, maar het komt zeker goed. Joost, super hoe jij de MRI in het AMC hebt weten 
op te pakken en dit heeft al geleid tot een aantal mooie stukken. Ronak, de nieuwste onder-
zoeker op het HEBE project, het lijkt me leuk om samen met jou de data verder uit te werken. 
Peter, met jou heeft ook de ICTUS een vervolg gekregen en met jouw inzet komen er zeker 
nog een aantal mooie stukken.  

Dan wil ik graag al mijn (ex)collega’s van B2 bedanken. Onderzoekers komen en gaan maar ik 
vond de sfeer op B2 altijd goed. Het begon al in 2000 toen ik als student bij Igor de sfeer 
mocht proeven. Degene die mij voor zijn gegaan, Igor, Gijs, Anouk, Martijn, Steven, Niels, 
Michiel V, Saskia, Joris, Lilian, Gerlind, Lea, Bart Jan, Stephan, Maurice en Mariëlle bedankt. 
Marc, Thomas en Pieter B, het moet toch een keer lukken om jullie opnieuw naar Rotterdam 
te krijgen. Wanneer kunnen jullie? Jacobijne, naast dat ik het erg gezellig vond, vind ik het 
echt bewonderenswaardig hoe je je eigen promotie hebt afgerond ondanks alle weten-
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schappelijke tegenslagen. En natuurlijk de groep onderzoekers na mij: Jonas, Ivo, Harald, 
Krischan, Marcel, Michiel W, Miranda, Pieter P, Jeroen, Margo en Annemarie, bedankt en 
succes met het afronden van jullie onderzoek. Niels, leuk om nog een stuk samen met je te 
hebben geschreven. Voor jou geen interne om in te komen, maar dat komt zeker goed.  

Regina, Anita en Lieve bedankt voor alle ondersteuning in de afgelopen jaren.  

Helaas is er uiteindelijk geen publicatie uit voort gekomen, maar ik wil iedereen die mij heeft 
geholpen met mijn experimentele onderzoek in het muizenhuis bedanken. Ingvild, Willeke 
en Joost in het bijzonder, bedankt voor het aanleren van de beginselen van dierexperimen-
teel onderzoek. Ebo deMuinck bedankt voor het mogelijk maken van mijn werkbezoek aan 
Dartmouth Medical School en voor je enorme gastvrijheid tijdens mijn verblijf. 

De arts-assistenten en stafleden van het Sint Franciscus Gasthuis bedankt voor de goede 
sfeer tijdens mijn vooropleiding interne. Ik heb een erg leuke tijd gehad.  

Robin en Fons, super leuk dat jullie straks naast me staan als paranimfen. Robin, ik waardeer 
je directheid, enthousiasme en daadkracht. Je kwam vaak als een wervelwind langs op het 
AMC met wel twintig ideeën. Ik denk dat onze samenwerking niet alleen heeft geleid tot een 
aantal mooie stukken, maar ook tot een goede vriendschap. Fons, door jou ben ik bij Rob 
gekomen en uiteindelijk via een omweg ook bij de ICTUS. Ik heb daar geen moment spijt van 
en ik heb een erg leuke tijd gehad. Ondanks onze verschillen in karakter of misschien wel 
juist daardoor, was het een goede combinatie. Hoe jij samen met Margriet voor de inclusie 
hebt gezorgd weet ik nog steeds niet, maar het is iets om trots op te zijn. Bedankt, en succes 
met je eigen verdediging. Hopelijk heb je daarna alle tijd om met Ilse van Lara te genieten. 

Mijn vrienden en familie wil ik bedanken voor hun betrokkenheid en steun bij mijn promo-
tieonderzoek. Ondanks dat er geen einde aan leek te komen, bleven jullie geïnteresseerd. 
Thijs en Niels, onze vriendschap is mij veel waard. Ik vind het super dat we elkaar nog steeds 
zo vaak zien ondanks dat we nu wat verder weg wonen. Tamira, Marije en Hanneke, bedankt 
voor jullie vriendschap sinds ons eerste jaar geneeskunde. Ik vind het erg bijzonder en laten 
we de jaarlijkse weekendjes weg er zeker inhouden (hoe groot moet het huisje wel niet 
worden?). 

Lieve Raf en Marianne, bedankt voor jullie onvoorwaardelijke steun, vertrouwen en vrijheid 
die jullie me altijd hebben gegeven. Floris en Maaike ondanks jullie eigen drukke leven de 
afgelopen jaren (3 kinderen in 3 jaar is niet niks) bleven jullie altijd even betrokken en op-
recht geïnteresseerd. Ik waardeer dat ontzettend.  

Lieve Laura, tot slot wil ik natuurlijk jou ontzettend bedanken voor je liefde en geduld in de 
afgelopen 10 jaar. We zijn alle twee ambitieus en dat is niet altijd even makkelijk. Dank dat je 
me de afgelopen jaren altijd bent blijven steunen en hopelijk brengt het voltooien van dit 
proefschrift wat rust en tijd. Hoe en vooral waar we de komende jaren gaan doorbrengen 
mag dan nog onzeker zijn, maar als het aan mij ligt blijven we zeker samen. Wij horen bij 
elkaar. 

Rotterdam, november 2009, 
Alexander Hirsch 
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