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Background

Atherosclerosis is a chronic 
progressive condition that results in 
build-up of atherosclerotic plaque in 
medium and large sized arteries. It 
takes several decades to develop in 
an individual and is mainly driven by 
inflammation and lipid accumulation.1 
Ischemic heart disease is defined as 
symptoms and disease caused by 
atherosclerotic narrowing or occlusion 
of the coronary arteries, thus impeding 
myocardial perfusion. Advances 
in prevention and treatment have 
resulted in a reduction of ischemic 
heart disease related morbidity and 
mortality over the past 2 decades 
in Western Europe and other high-
income regions.2,3 Nonetheless, with an 
estimated mortality of approximately 7 
million in 2010, ischemic heart disease 
remains the number one cause of 
mortality both in Western Europe and 
worldwide.4 Moreover, due to ageing 
and population growth, the global 
burden of ischemic heart disease has 
steadily increased since 1990 and this 
trend is expected to continue well into 
the 21st century.3

Intermittent myocardial ischemia due 
to a flow limiting coronary stenosis 
results in the clinical syndrome of stable 
angina pectoris. Acute myocardial 
infarction is a more severe condition 
that is characterized by myocardial 

necrosis.5 Its usual pathophysiological 
mechanism is sudden rupture or erosion 
of a vulnerable atherosclerotic plaque 
and exposure of its thrombogenic core 
with subsequent thrombus formation 
in a coronary artery.6 At the extreme 
end of the spectrum, this may result 
in sudden cardiac death. If nonfatal, 
occlusive coronary thrombosis typically 
results in ST-elevation myocardial 
infarction (STEMI), while unstable 
angina pectoris and non-ST-elevation 
myocardial infarction (NSTEMI) are 
most commonly the result of a non-
occlusive thrombus.
Patients with STEMI require rapid 
reperfusion therapy aimed at opening 
the occluded coronary artery and 
limiting myocardial necrosis. Primary 
percutaneous coronary intervention 
(PCI) has shown to be superior to 
pharmacological reperfusion therapy 
with thrombolytic agents.7 PCI involves 
catheter-based techniques to open the 
occluded artery by means of thrombus 
aspiration, balloon dilatation, and/
or stent implantation. It is currently 
considered to be the gold standard for 
the treatment of STEMI, provided that 
it can be performed expeditiously by 
an experienced operator.8 In clinically 
stable patients with NSTEMI, time is 
less critical. Some of these patients 
can be managed “conservatively” with 
an anticoagulant and dual antiplatelet 
therapy. In NSTEMI patients deemed to 
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be at higher risk, an “invasive” approach 
is usually pursued, consisting of initial 
angiography to visualize the coronary 
arteries. Depending on patient profile 
and the presence, localization, 
and severity of coronary artery 
disease, subsequent percutaneous 
revascularization by means of PCI or 
surgical revascularization by means 
of coronary artery bypass grafting 
(CABG) may then be performed.9

Symptom onset

Patterns with a period of 24-hours – so-
called circadian patterns – have been 
recognized in biology for centuries.10 
Also in humans, circadian variation 
has been found in physiological 
parameters such as blood pressure 
and heart rate.11 These circadian 
patterns are considered useful, as 
they help to adapt the organism to the 
different requirements during the day- 
and nighttime. However, circadian 
patterns have also been implicated 
in disease over the past century. As 
early as 1937 a morning peak in the 
onset of acute myocardial infarction 
was reported.12 Further confirmation 
of this pattern with creatine kinase 
levels in 1985 firmly established 
circadian variation in acute myocardial 
infarction with a peak in symptom 
onset between 6:00 and 12:00 in the 

morning.13 This phenomenon has also 
been found in other manifestations of 
atherosclerotic cardiovascular disease 
such as stroke,14 unstable angina 
pectoris,15 and sudden cardiac death.16 
These cardiovascular events are 
thought to be “triggered” by a morning 
increase in blood pressure,11 heart 
rate,11 catecholamine and cortisol 
levels,17 platelet aggregability,18 and 
vascular tone.19 In chapter 1, the 
current literature on the epidemiology, 
circadian variation, and triggering of 
sudden cardiac death is summarized 
with a focus on coronary artery 
disease.
A feared complication of PCI with 
stent implantation for coronary 
artery disease is sudden thrombotic 
occlusion of the stent, referred to as 
“stent thrombosis”. With a cumulative 
incidence of approximately 1.0-1.5% 
in the first year and 0.3 to 0.4% per 
year thereafter, stent thrombosis 
is an uncommon complication.20,21 
Nonetheless, it usually results in acute 
myocardial infarction and 30-day 
mortality rates are higher than in STEMI 
(12% in a recent meta-analysis).22 It 
is unknown if stent thrombosis also 
follows a circadian pattern with a 
morning peak in symptom onset. This 
is investigated in chapter 2.
Circadian patterns may also be found 
in measures of outcome. Recent 
studies have suggested that there may 
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be circadian variation in infarct size in 
patients with STEMI with largest infarct 
size mostly occurring in patients with 
symptom onset at night.23-25 This may 
imply that there is circadian variation 
in myocardial tolerance to ischemia/
reperfusion injury; a concept that is 
supported by preclinical studies.26 
Alternatively, it may simply be 
explained by variations in baseline 
characteristics27 and symptom onset 
to treatment time (ischemic time).23 
Chapter 3 reports on the largest 
observational study to date to assess 
the association between symptom 
onset time and infarct size in patients 
with STEMI undergoing primary PCI.

Symptom onset to treatment

In clinical practice, symptom onset 
time is used in conjunction with 
treatment time (i.e. time of reperfusion 
therapy) to calculate ischemic time. 
Ischemic time is an important quality of 
care and prognostic metric in STEMI 
patients, as longer ischemic time 
has been associated with decreased 
myocardial reperfusion, larger infarct 
size, and higher mortality.28,29 Recently, 
some have suggested that time from 
symptom onset to presentation may 
also be used to select a reperfusion 
strategy.30 Despite its importance, 
patient-reported symptom onset time 

has never been formally validated. 
In chapter 4, symptom onset time is 
biochemically validated with serial 
measurements of cardiac troponin T.
The use of regional networks with 
12-lead electrocardiogram based 
prehospital diagnosis and direct 
referral to a PCI-capable center is now 
recommended to shorten ischemic 
time in patients with STEMI.8 Although 
numerous studies have reported 
on successful implementation of 
STEMI networks,31,32 little is known 
about “false-negative” activation of 
the prehospital triage systems. The 
incidence, predictors, and outcome of 
initial referral of a STEMI patient to a 
non-PCI-capable center is investigated 
in chapter 5.
In patients with NSTEMI, physicians 
can either pursue an initial conservative 
or initial invasive reperfusion strategy.9 
In the initial conservative strategy, the 
patient is managed pharmacologically 
and invasive treatment (coronary 
angiography and possible PCI or 
CABG) is only pursued if there is 
evidence of failure of the conservative 
treatment. In the initial invasive 
strategy, patients routinely undergo 
angiography after pharmacological 
pre-treatment. Principal questions in 
this field pertain to risk assessment, 
reperfusion strategy selection, and 
the timing of angiography in patients 
selected for an invasive strategy. 
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Current evidence is summarized in 
chapter 6. By pooling of the results of 
randomized clinical trials, the optimal 
timing of angiography in patients 
with unstable angina and NSTEMI 
selected for the initial invasive strategy 
is assessed on a continuous scale in 
chapter 7.

Treatment

In the largest trial to date, routine manual 
thrombus aspiration before primary 
PCI did not improve short-term survival 
in patients with STEMI.33 However, 
it may reduce thrombus burden by 
retrieval of atherothrombotic material 
and may simplify subsequent PCI by 
minimizing pre- and postdilatations 
and facilitating direct stenting.34 
Considering these assets, thrombus 
aspiration may particularly be suitable 
in patients with stent thrombosis. The 
usefulness of thrombus aspiration for 
the treatment of stent thrombosis is 
studied in chapter 8.
In patients with STEMI, it is not 
uncommon to find significant coronary 
artery disease in non-culprit vessels. 
Multivessel disease is present in 
approximately 40-65% of STEMI 
patients and is a strong predictor of 
adverse outcome after primary PCI.35,36 
If CABG is not preferred, non-culprit 
vessels may be treated during the 

initial PCI procedure (multivessel PCI), 
during subsequent procedures (staged 
PCI), or only if clinically indicated in the 
future (culprit only PCI). In chapter 9, a 
meta-analysis of randomized trials and 
observational studies is conducted to 
determine which strategy results in the 
lowest short-term mortality.
Finally, in chapter 10, event rates 
in a sample of randomized clinical 
trials in the field of cardiovascular 
interventions and devices are 
assessed. When designing a clinical 
trial, investigators commonly perform 
a sample size calculation to determine 
the number of patients required to 
demonstrate a clinically relevant 
benefit of an experimental therapy 
over routine treatment.37,38 As a part 
of this sample size calculation, the 
event rate of the primary outcome 
needs to be estimated. In this chapter, 
it is hypothesized that event rates 
are commonly overestimated thereby 
possibly jeopardizing the statistical 
power of the trial to detect clinically 
meaningful treatment effects.
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Abstract

Sudden cardiac death (SCD) remains a major health issue accounting for over 
5% of annual mortality in the Western World. There are several causes of SCD, 
most commonly coronary artery disease. Although identifying the prodrome of 
SCD has attracted considerable interest, a large proportion of patients die before 
any medical contact is established. SCD onset seems to follow a circadian 
pattern, most likely due to exposure to endogenous and exogenous triggers. 
The aim of the present report is to review the current knowledge of epidemiology, 
patterns of onset, and triggers of SCD and present directions for future research 
with a focus on coronary artery disease.

Introduction

Sudden cardiac death (SCD) remains 
a major health issue accounting for a 
significant percentage of all cardiac 
deaths. Furthermore, the lack of 
warning symptoms in SCD seems to 
preclude the opportunity for preventive 
treatment. A thorough knowledge of 
epidemiology, circadian variation, 
and possible triggers is essential for 
optimizing the possible treatment 
strategies to lower the incidence of 
SCD.

Epidemiology of sudden cardiac 
death

Definition and incidence of 
sudden cardiac death 
The World Health Organization 
(WHO) definition of SCD is sudden 
and unexpected death witnessed 
within 1 hour of symptom onset.1,2 If 

unwitnessed, subjects should have 
been seen alive and symptom free 
within 24 hours of symptom onset. 
Furthermore, noncardiac causes of 
sudden death should be excluded. 
However, not all population studies 
assessing the incidence of SCD 
have used the WHO definition. Some 
included all patients dying within 
24 hours of symptom onset. Such 
variability in definition may affect 
assessment of incidence in population 
studies.
Several researchers have attempted 
to estimate the incidence of SCD. 
The prospective Oregon Sudden 
Unexpected Death Study3 evaluated 
that by assessing the Multnomah 
County population (n=660,486) for one 
year. They estimated the incidence 
of SCD to be 53/100,000. SCD 
accounted for 5.6% of annual mortality 
in that series. A prospective study in 
the Maastricht area of the Netherlands 
with a study population of 132,762 
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inhabitants and a follow-up of 4 years, 
showed an incidence for SCD of 90-
100/100,0004 and 18.5% of deaths 
were attributed to SCD. However, 
in this study the 24 hour definition of 
SCD was used, and the incidence 
may therefore be an overestimate. In 
addition, it is important to note that 
both studies included survivors of 
cardiac arrest in these estimates. The 
survival rate was 8% in the Multnomah 
County population and 6.2% in the 
Maastricht study. These and additional 
studies5,6 taken together, estimated 
the incidence of SCD in Europe and 
the U.S. to be in the range of 50-
60/100,000. This equals approximately 
180,000-250,000 cases per year in 
the U.S.7 There is evidence that other 
geographical areas have different SCD 
incidence rates than those observed in 
Europe and the U.S. For instance, the 
incidence of SCD tends to be lower in 

China and Japan.8,9

The incidence of SCD is affected by 
age and sex. The Maastricht study was 
not suitable to observe those trends, 
because patients older than 75 years 
were excluded. In the Oregon study, 
however, clear age and sex trends were 
observed (Figure 1). Approximately 
25% of SCD cases occur before the age 
of 65 years. Among the population <35 
years a small peak is observed in the 
age group of 0-5 years, due to sudden 
infant death syndrome.10 The major 
peak occurs in the age group of 75-84 
years, and is mainly due to coronary 
artery disease (CAD). Overall, 43% of 
the cases were females.
The incidence of SCD over time has 
followed the incidence of overall 
CAD. An analysis of the Framingham 
Heart Study cohort and offspring 
demonstrated a decline in SCD of 49% 
in 1990-1999 compared with 1950-

Figure 1. Gender- and age-based composition of sudden cardiac death in Multnomah County 
during 1 year. Population: 660,486; sudden cardiac death cases: 353. Reprinted with permission.3 
Copyright © 2004, Elsevier.
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1969.11 However, the global burden of 
CAD and therefore SCD will probably 
increase the coming decade, because 
of ageing and increasing incidence of 
CAD in the developing world.7,12

Causes of sudden death 
Although cardiac causes of 
nontraumatic sudden death exceed 
other causes by far, there are other 
causes of sudden death – most 
common pulmonary embolism. 
Cardiac causes of sudden death can be 
divided into 3 categories. The cardiac 
cause most commonly associated with 
sudden death is CAD and accounts for 
approximately 80% of SCD causes.3,7 
It is believed that there is an acute 
and a chronic mechanism by which 
CAD can result in SCD.7,13 The acute 
mechanism is plaque rupture and acute 
occlusion of one or more coronary 
arteries. This causes myocardial 
ischemia. Myocardial ischemia 
leads to intercellular uncoupling and 
decreases intercellular conduction, 
thus providing circumstances leading 
to re-entrant circuits.14 The chronic 
mechanism is scarred myocardium 
due to ischemic cardiomyopathy after 
one or more myocardial infarctions. 
Both of these mechanisms can 
lead to ventricular fibrillation and 
death. Cardiomyopathies comprise 
approximately 10-15% of SCD victims, 
mainly dilated cardiomyopathies, 
hypertrophic cardiomyopathies, 
arrhythmogenic right ventricular 

dysplasia, and myocardial infiltrative 
disease (sarcoidosis, amyloidosis).7 
It is likely, however, that there is 
some overlap between CAD and the 
cardiomyopathies, since they can co-
exist in any single individual. The final 
5-10% of SCD is caused by the more 
rare cardiac syndromes with structural 
or electrical abnormalities, such 
as coronary anomalies, congenital 
heart disease, long QT syndrome, 
and Brugada syndrome.7 This final 
category also comprises subjects with 
sudden unexplained death, also known 
as idiopathic ventricular fibrillation 
(IVF) or sudden arrhythmic death 
syndrome. About 4.1% of sudden 
cardiac deaths are unexplained.15 
These unexplained death cases may 
be caused by unidentified genetic 
disorders, although family history 
seems to be a reliable predictor in 
only a minority of sudden unexplained 
death cases. Remarkably, unexplained 
death occurs relatively more frequently 
in young women than in young men.16 
The exact cause of this phenomenon 
remains to be determined.17 

Risk factors for sudden 
cardiac death
Several factors have been shown 
to be risk factors for SCD. Although 
CAD is the major cause of SCD, 
analysis of the Framingham Heart 
Study cohort demonstrates that only 
a minority of CAD presents as SCD.18 
Percentages of CAD presenting as 



Sudden cardiac death: epidemiology, circadian variation, and triggers

21

Pa
rt

 1
 –

 S
ym

pt
om

 o
ns

et

SCD vary between 13% in women 
aged 35-64 years, and 20% in men 
aged 65-94 years. In addition, the 
risk of SCD is very low once CAD is 
diagnosed and treated. Bardy et al. 
found an annual overall mortality of 
only 2% in a cohort of 7,001 patients 
with previous anterior wall myocardial 
infarction.19 The median follow-up 
was 37.3 months. Death could be 
attributed to noncardiac causes in 
37.8% of cases, thus actual mortality 
from SCD seems to be even lower 
than 2%. However, it is important to 
note that SCD may be caused by CAD 
without any clear antecedent evidence 
in a substantial number of cases; up 
to 50% of victims dying of SCD are 
unaware of prior CAD.20 Furthermore, 
it is known that pathological diagnosis 
of acute myocardial infarction is 
difficult when death occurs within 
6 hours of the ischemic episode.21 
Biochemical and histological evidence 
of myocardial necrosis needs time to 
develop. In addition, even though the 
known existence of CAD in subjects 
seems to be a poor predictor for SCD, 
this does not hold true for specific 
subgroups of CAD patients. Patients 
with a previous myocardial infarction 
and arrhythmia risk markers (i.e. 
inducible nonsuppressible ventricular 
tachyarrhythmia on electrophysiologic 
study) do have a high risk of SCD, 
estimated at about 30%. The efficacy 
of prophylactic ICD implantation to 
prevent SCD in those patients was 

first demonstrated in the Multicenter 
Automatic Defibrillator Implantation 
Trial (MADIT I).22 
Another known risk factor for SCD is 
severe left ventricular dysfunction. 
Currently, severe left ventricular 
dysfunction – whether in the 
presence or absence of CAD – is 
the most reliable predictor for SCD 
and, in addition, is relatively easy to 
assess.23 The first report identifying left 
ventricular ejection fraction as a strong 
predictor for SCD in post-infarction 
patients dates back to 1983.24 That this 
finding still holds true was confirmed 
by a more recent study25 reporting a 
21 percent increase in the risk of SCD 
or cardiac arrest with resuscitation for 
each 5 percentage point decrease in 
left ventricular ejection fraction. Left 
ventricular ejection fraction has also 
shown to be a strong predictor for 
SCD in patients with nonischemic 
cardiomyopathy.26 It is important to 
note, however, that even though left 
ventricular function predicts SCD, 
only a small part of SCD is explained 
by left ventricular dysfunction. 
Stecker et al. demonstrated only 
30% of SCD can be explained by 
severe left ventricular dysfunction.27 
In a substudy of the Oregon Sudden 
Unexplained Death Study, Stecker and 
coworkers retrospectively analyzed 
all cases in which left ventricular 
function was assessed prior to the 
occurrence of SCD. Severe left 
ventricular dysfunction comprises the 



22

main indication for implantation of an 
implantable cardioverter-defibrillator 
(ICD).1,23 In order to estimate the 
effectiveness of ICD implantation in 
preventing SCD, one could study 
the hypothetical situation in which all 
patients dying of SCD would have 
been examined before their death. 
Stecker and coworkers concluded 
that, even after excluding other causes 
of SCD such as long QT syndrome and 
Brugada syndrome, up to 65% of SCD 
cases would not have been prevented 
by using current ICD implantation 
criteria.27

Third, functional impairment in chronic 
heart failure, as is measured by the 
New York Heart Association (NYHA) 
classification, has shown to be a 
predictor of SCD. Interestingly, NYHA 
class II and III patients are at higher risk 
of SCD than pump failure, while NYHA 
class IV patients are more likely to die 
of pump failure than SCD.23,28 Still, 
absolute SCD mortality rates among 
class IV patients are higher, due to 
increased overall cardiac mortality.
Fourth, diabetes has been identified 
as an independent predictor of SCD. 
In a large prospective Parisian cohort, 
diabetes was a predictor of SCD.29 
Adjusted for other variables, the relative 
risk for SCD was 2.2 for patients with 
diabetes. Even though the initial cohort 
included 7,746 men, there were only 
118 cases of SCD, and consequently 
the calculated relative risk was based 
on only 9 patients with diabetes in the 

SCD group. It has been suggested 
that the tentative association between 
diabetes and SCD is caused by 
either ‘diabetic cardiomyopathy’ or a 
prolonged ventricular repolarization, as 
is measured by the corrected QT (QTc) 
interval. QTc prolongation in diabetes 
seems to be associated with cardiac 
autonomic neuropathy and has been 
demonstrated in diabetics without any 
evidence of ischemic heart disease.30 
In an other study, QTc prolongation was 
an independent predictor of mortality 
in patients with type 1 diabetes.31 The 
QTc interval has also shown to be a 
risk factor for SCD, independent of 
diabetes.32,33 When corrected for other 
variables, a QTc interval of more than 
440 milliseconds was associated with a 
2.3 times higher risk for sudden death 
compared with a QTc interval of 440 
milliseconds or less in patients without 
a history of symptoms of pump failure 
or an ejection fraction less than 40%.32

Finally, several researchers 
have pointed out the existence 
of an association between low 
socioeconomic status and SCD.34,35 
Whether this association is 
independent or mediated by higher 
exposure to other risk factors of SCD, 
such as CAD, is unclear.
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Patterns in onset of sudden 
cardiac death

Circadian variation in sudden 
cardiac death
Circadian patterns have been the 
subject of considerable interest in 
cardiovascular disease including 
both SCD as well as myocardial 
infarction.36,37 Cohen and coworkers37 
analyzed 19 studies on the pattern 
of incidence of SCD. In their meta-
analysis, including 19,390 patients, 
a morning excess in the incidence of 
SCD was found. Between 6:00 and 
12:00, 30.1% of SCD events occurred; 
the incidence of SCD was 29% higher 
in the morning than during the rest 
of the day (relative risk 1.29; 95% 
confidence interval [CI] 1.26 – 1.32).
An elegant method of studying the 

circadian variation of SCD way 
was performed by Arntz et al.38 
They analyzed automatic external 
defibrillator recordings of patients with 
out-of-hospital SCD used by emergency 
medical personnel during resuscitation 
attempts. The exact time of onset of 
unconsciousness was determined by 
bystander interview. The main result 
of this analysis, including 703 patients, 
is shown in Figure 2. A clear morning 
peak in the incidence of SCD is visible 
between 6:00 and 12:00. Furthermore, 
a secondary peak can be identified 
between 15:00 and 19:00. When 
patients were divided into subgroups 
based on age, the secondary peak 
was not observed in the >65 years 
subgroup (in contrast to the ≤65 years 
subgroup). This might be related to 
the fact that younger people have a 

Figure 2. Onset of sudden cardiac death throughout the day in 703 patients. A primary peak can be 
identified between 6:00 and 12:00 (36% of patients; P<0.0001) and a secondary peak between 15:00 
and 19:00. Reprinted with permission.38
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different lifestyle than older people. For 
instance, younger people <65 years, 
generally work, while older people do 
not. Support for this hypothesis was 
presented by a recent Greek study.39 In 
a retrospective analysis of 2,665 cases 
of SCD no significant morning peak 
was found. In contrast, they found a 
peak in the incidence of SCD between 
20:00 and 24:00. The authors argue 
that this discrepancy with previous 
studies might be explained by the fact 
that Greek workers sleep during their 
lunch break and start working again 
later in the afternoon. In an other 
study,40 however, no differences in age 
groups were observed. Furthermore, 
the circadian pattern does not seem to 
be influenced significantly by gender 
and initial cardiac rhythm.39,40 Finally, it 
is important to note that patients with 

obstructive sleep apnea seem to be at 
highest risk of sudden death between 
midnight and 6:00 in the morning. Gami 
and coworkers41 found a relative risk of 
2.57 (95% CI 1.87 – 3.52) during this 
time period.

Wake up time
An important question relates to 
whether the increase in the incidence 
of SCD is related to just the morning 
period or, more specific, to the time 
of awakening. There are only a few 
studies assessing this question. Willich 
and coworkers42 demonstrated a clear 
relationship between the incidence 
of SCD and wake up time in a small 
population (n=84) of SCD patients 
(Figure 3). A similar trend has been 
observed in patients with myocardial 
infarction.43

Figure 3. Relation between wake up time and sudden cardiac death onset. The incidence of sudden 
cardiac death is significantly increased in the first 3 hours after awakening compared with the rest 
of the day (n=84; relative risk 2.6; 95% confidence interval 1.6 - 4.2). Reprinted with permission.42 
Copyright © 1992, Elsevier.
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Other patterns
The incidence of SCD seems to follow 
a circadian pattern, but other time 
patterns can be observed as well. 
In the previously mentioned Greek 
study,39 a significant weekly pattern 
in the incidence of SCD was found, 
with a low incidence on Sunday and a 
peak on Monday (n=2,665; P<0.005). 
This weekday distribution was less 
pronounced in patients older than 65 
years, suggesting a relationship with 
employment status. In the incidence 
of myocardial infarction, weekly 
distribution with a peak on Monday is 
well established.44,45

Studies assessing seasonal distribution 
of SCD are rare and inconclusive. As 
is the case in myocardial infarction, 
some studies find peak incidences 
in winter months.46,47 A large study46 
assessing the seasonal incidence of 
SCD between 1985 and 1996 in Los 
Angeles County (n=222,265) found 
a statistically significant increase in 
SCD during December and January 
compared with other months. Although 
there was an inverse correlation 
between temperature and SCD, SCD 
tended to peak around Christmas and 
New Year, suggesting a potential role 
for overindulgence, holiday stress, 
and increased delay to seek medical 
attention as well. The hypothesis 
that SCD peaks on Christmas and 
New Year, irrespective of seasonal 
influences, was confirmed by a more 
recent American study, assessing 

53 million deaths over 26 years on a 
nationwide level.48 However, the study 
conducted in Greece39 found a peak 
incidence in July and August, which 
may be explained by an increase in 
the population caused by tourism and 
migration towards areas with poorer 
medical facilities (e.g. seaside).

Triggers of sudden cardiac death

General theory
Muller and colleagues investigated 
potential triggers of acute coronary 
syndromes and published several 
reviews on this topic.49-52 Therefore, 
it is no surprise that this research 
group contributed significantly to the 
development of a general theory 
that explains how acute coronary 
syndromes, which are often the 
cause of SCD, can be triggered. The 
theory developed by Muller et al.50,51 
is shown in Figure 4. Acute coronary 
syndromes such as unstable angina 
pectoris and myocardial infarction are 
caused by disruption of a vulnerable 
atherosclerotic plaque in the coronary 
arteries. Therefore, any triggering 
factor of acute coronary syndromes 
must promote plaque disruption. There 
are three general causes of plaque 
disruption:50

1. Hemodynamic forces – shear 
stress -- arterial pressure and 
cardiac contractions;
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2. Increased vascular tone – loss of 
vasodilator substances as nitric 
oxide or excessive secretion of 
vasoconstrictor substances such 
as endothelin-1;

3. Intra-plaque factors – cellular 
processes by macrophages and 
other inflammatory cells.

4. Triggers of acute coronary 
syndromes mainly influence the 
first two mechanisms of plaque 
disruption. In addition, increased 
coagulability promotes total 
occlusion after a minor plaque 
disruption. Intra-plaque factors are 
largely independent of triggering 
factors and are estimated to 
account for about one third of 
acute coronary syndromes. To 
date, several endogenous and 
exogenous triggers have been 
identified, accounting for about 
20% of acute coronary syndromes 
(Table 1). 

Endogenous triggering 
factors
Endogenous triggering factors of SCD 
are internal physiologic processes that 
alter neural, hormonal, and metabolic 
processes in a circadian pattern. 
Examples of potential endogenous 
triggering factors are heart rate, 
blood pressure, coagulation, and 
vascular tone. All these processes are 
known to display circadian variation. 
Physiological processes that display 
circadian variation are thought to be 
regulated by central and peripheral 
circadian clocks.53 Circadian clock 
genes are expressed throughout the 
body. For instance, a micro-array study 
showed that ≥ 8-10% of the genes 
expressed in mouse heart are under 
circadian control.54 The molecular clock 
mechanism is summarized in Figure 
5.53-56 Yamashita et al. demonstrated 
circadian gene expression of cardiac K+ 

Table 1. Endogenous and exogenous triggers of sudden cardiac death
Endogenous Exogenous
Blood pressure Physical activity
Heart rate Mental stress
Sympathetic drive Emotional stress

RAAS activity Anger
Catecholamine levels Natural disasters (e.g. earthquake)

Vascular tone Unnatural disasters (e.g. war)
Cortisol levels Change of posture
Hemostasis Sexual activity

Platelet aggregation
t-PA levels
PAI levels

Hematocrit

Nadir levels of medication during peak levels of exposure to triggers
PAI, plasminogen activator inhibitor; RAAS, renin-angiotensin-aldosterone system; t-PA, tissue-
type plasminogen activator
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channels in rats that reflected changes 
electrophysiological characteristics.57 
Whether or not circadian variation in 
cardiac gene expression is related to 
the circadian variation of arrhythmias 
and SCD in humans remains to be 
determined.

Blood pressure and heart rate
Due to 24-hour ambulatory blood 
pressure monitoring, it is known that 
normotensive and uncomplicated 
hypertensive subjects display a 
circadian pattern in blood pressure 
and heart rate.58,59 This circadian 
variability is characterized by a low 
blood pressure and heart rate during 

the night, and highest blood pressure 
and heart rate in the mid morning. The 
mean daytime blood pressure is about 
10-20% higher than the mean night-
time blood pressure, and heart rate 
increases 10-20 beats per minute in 
the morning (Figure 6). In the elderly, 
these differences can be even more 
pronounced as a result of loss of 
elasticity in the arteries.60,61

The mechanisms responsible for these 
patterns include autonomic nervous 
system and renin-angiotensin-
aldosterone system (RAAS) activity. 
During rapid eye movement (REM) 
sleep, the sympathetic drive is 
activated and REM sleep occurs more 

Figure 4. General theory of triggered acute coronary syndrome or sudden cardiac death. Hemodynamic 
forces or an increased vascular tone can cause a major or minor plaque disruption. A major plaque 
disruption causes thrombus formation and consequently occlusion of the coronary lumen. This 
causes myocardial infarction or sudden cardiac death. A minor plaque disruption results in a non-
occlusive thrombus. This can be asymptomatic, but can also cause unstable angina pectoris or non 
Q-wave myocardial infarction (Non-Q-MI). The non-occlusive thrombus can become an occlusive 
thrombus due to triggering factors that increase the coagulability state or cause vasoconstriction, 
thus causing myocardial infarction or sudden cardiac death. Reprinted with permission.50 Copyright 
© 2002, Elsevier.
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frequent in the morning hours.61,62 
Furthermore, renin activity has shown 
to exhibit a circadian pattern with 
an early morning peak (6:00-8:00 
hours) that is independent of posture 
and dietary influences.63,64 These 
observations also explain the early 
morning increase in the catecholamine 
levels of adrenaline and noradrenaline, 
as is displayed in Figure 6. The early 
morning heart rate and blood pressure 
surge increases the hemodynamic 
stress on any vulnerable atherosclerotic 
plaque, and can thus be regarded as 
a potential triggering factor for SCD 
and acute coronary syndromes. This 

adverse situation is further amplified 
by increased sympathetic activity and 
plasma catecholamine concentration. 
However, it is important to notice that 
the mechanism of plaque rupture due 
to arterial pressure is theoretical and 
hard to prove in vivo. Still, increased 
systolic blood pressure, measured by 
24-hour ambulatory blood pressure 
monitoring, has definitely shown to be 
a predictor of cardiovascular events.65 
Finally, of special interest regarding 
the incidence of SCD is the finding 
that increased sympathetic activity 
lowers the threshold for ventricular 
fibrillation.66,67

Figure 5. (A) Central en peripheral molecular clocks. Peripheral molecular clocks are present 
throughout the body and are thought to be synchronized by the central circadian clock, the 
suprachiasmatic nucleus (SCN) of the hypothalamus. The SCN is the only circadian clock that 
is directly influenced by light through the retino-hypothalamic tract (RHT). (B) Molecular clock 
mechanism. The molecular clock mechanism consists of self sustained transcriptional and 
translational feedback loops with a period of approximately 24 hours. Transcription of ‘circadian 
locomotor output cycles kaput’ (CLOCK) and ‘brain and muscle arylhydrocarbon receptor nuclear 
translocator-like protein-1’ (BMAL1) genes creates CLOCK (C, oval), BMAL1 (B), and NPAS2 (N) 
transcription factors. These transcription factors form heterodimers and activate the period (Per) and 
cryptochrome (Cry) genes by binding to E-box elements in their promoters. Translated Per (P) and 
Cry (C, diamond) protein heterodimerize, translocate to the nucleus, and inhibit CLOCK and BMAL1 
mediated transcription. The combination of ubiquitin mediated degradation of Per and Cry protein 
and inhibition of transcription of Per and Cry genes relieves inhibition and causes the cycle to start 
over again. Reprinted with permission.56
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Vascular tone
In 1992, Quyyumi et al.68 found vascular 
resistance to be higher in the morning 
hours while ischemic threshold was 
lower. It is very likely that this is at 
least partially the consequence of 
high plasma catecholamine levels. 
In addition, plasma cortisol level has 
a circadian variability with a peak 
in the morning; irrespective of daily 
activity.50,69 High cortisol levels may 
increase the sensitivity of the coronary 
arteries to the vasoconstrictive effects 
of catecholamines.69

Hemostasis
Several studies have found evidence 
for an increased coagulability during the 
morning.70 For instance, Tofler et al.71 
found increased platelet aggregability 
during the hours 6:00 to 9:00 in the 
morning. This association was not 
found when subjects remained supine 
and inactive, suggesting a potential 

role for the change of posture in the 
morning. Moreover, further analysis 
of activation-dependent platelet 
surface markers by Andrews et al.72 
revealed that the increase in platelet 
aggregation is not accompanied by 
increased platelet activation. This may 
be explained by the observation that 
assuming an upright position causes 
an increased platelet count and 
hematocrit, which is probably caused 
by increased plasma epinephrine 
levels. 
Fibrinolytic activity was evaluated 
by Andreotti et al.73 who found that 
fibrinolytic activity is reduced in the 
morning. Tissue-type plasminogen 
activator (t-PA), the major component 
of the fibrinolytic system, was reduced 
in the morning, reaching lowest values 
at 6:00 hour. At the same time, the 
activity of the fast-acting inhibitor of 
fibrinolysis, plasminogen activator 
inhibitor (PAI), was increased. These 
and other74 findings identify a stronger 

Figure 6. Circadian patterns of blood pressure (BP), heart rate (HR), plasma adrenaline, and plasma 
noradrenaline. *For scaling purposes, noradrenaline values are 3.5 times reduced. Reprinted with 
permission.59
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tendency towards thrombosis during 
the morning hours compared with the 
rest of the day which may result in 
SCD.

Inadequate treatment of 
endogenous triggers
Endogenous triggers are particularly 
suitable for treatment in patients at 
risk of SCD. In patients with known 
CAD, for instance, it is important that 
pharmacologic therapy is adequate 
during the morning hours. It is suggested 
that medication usually subscribed in 
patients with CAD (statins, angiotensin-
converting enzyme inhibitors, aspirin, 
and β-blockers) act by modulating 
triggers.50 In fact, Ridker et al. 
demonstrated in the Physicians Health 
Study that alternate day aspirin intake 
can abolish the circadian variation 
in acute myocardial infarction.75 In 
addition, Mulcahy et al. found that 
morning ischemic episodes in patients 
with CAD were abolished when using 
β-blockers.76 However, it is usual that 
patients take their medication once 
they get up in the morning. Most likely, 
this is not hazardous with aspirin, but 
other trigger modulating medication 
may have suboptimal blood levels 
in the relatively dangerous morning 
hours. Twenty four hour ambulatory 
blood pressure recordings provide 
a helpful tool in assessing circadian 
variation in blood pressure and 
pharmacodynamics of antihypertensive 
medication throughout the day.58

Exogenous triggering factors
Exogenous triggers are thought to 
be associated with acute coronary 
syndromes and SCD since at least one 
century.51,77 Most potential exogenous 
triggers have a final common pathway. 
They carry out their adverse effects 
through emotional or physical stress, 
thus activating the sympathetic 
nervous system and releasing 
catecholamines.78

Physical activity
On a theoretical basis, physical 
activity seems to be an obvious 
potential trigger of SCD and acute 
coronary events. Indeed, physical 
activity activates the sympathetic 
nervous system, causes release of 
catecholamines, and increases arterial 
pressure and myocardial oxygen 
demand. In an autopsy series, Burke 
et al.79 found that in patients where 
exertion preceded SCD, plaque 
rupture occurred significantly more 
frequent than in patients at rest before 
dying of SCD. Thompson et al.47 
reported a 7 times higher rate of SCD 
among joggers compared with the 
average SCD rate. The relative risk of 
SCD and acute coronary syndromes 
when performing physical activity 
seems to be dependent on physical 
condition.79,80 Maclure80 calculated the 
relative risk of heavy physical exercise 
compared with light activity or no 
activity at all in different subgroups, 
using the case-crossover design (Table 
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2). Several other authors have found 
the association between physical 
activity and acute coronary syndromes 
or SCD.50,81 In practice however, the 
incidence of heavy physical activity in 
triggering SCD seems to be limited. In a 
recent substudy of the Oregon Sudden 
Unexpected Death Study, Reddy et 
al.82 demonstrated that 80% of patients 
(n=304) were asleep or were performing 
light activities prior to experiencing 
sudden cardiac arrest. Only 13% of 
patients were performing moderate 
activities (e.g. walking for exercise, 
gardening) and 5% of patients were 
performing heavy activity (e.g. sports 
as jogging, tennis). This finding is in 
accordance with a meta-analysis from 
2005.83 This meta-analysis by Čulić 
et al. included 17 studies on possible 
external triggers of acute myocardial 
infarction. Ten studies included data 
about heavy physical activity: in 643 of 
10,519 patients (6.1%) heavy physical 
activity was reported prior to acute 
myocardial infarction. In this regard 
however, it must be remembered that 
regular physical exercise has many 

beneficial effects, including limiting 
atherosclerosis disease progression.84

Mental stress
Mental stress has also been associated 
with a variety of cardiovascular 
conditions, including Takotsubo 
cardiomyopathy, acute coronary 
syndromes, and SCD. In the previously 
mentioned meta-analysis, Čulić et 
al.83 found that as many as 6.8% 
of patients were experiencing any 
kind of emotional stress (particularly 
anger in 2.1% of cases) prior to acute 
myocardial infarction onset. The role 
of mental stress in exacerbating CAD 
was also demonstrated by Barry et al.85 
who studied ST-segment depression 
in 28 patients with documented CAD, 
using ambulatory electrocardiographic 
monitoring and diary records. 
Remarkably, 22% of ischemic events 
occurred at high levels of mental stress 
and low physical activity.
A ‘unique opportunity’ to study mental 
stress as a trigger of SCD is offered 
by natural and unnatural disasters, 
such as earthquakes and wars, 

Table 2. Relative risk of MI in the first hour after heavy physical 
activity in different subgroups based on physical condition

Condition (usual exercises / week) Relative risk of MI

< 1 107
1 – 2 19.4
3 – 4 8.6
≥ 5 2.4
MI, myocardial infarction
Data adopted from Maclure M. The case-crossover design: a method for studying transient 
effects on the risk of acute events. Am J Epidemiol. 1991;133:144-53.



32

respectively.78 The research group 
of Kloner in Los Angeles published 
several articles about the effects of 
the 2004 Northridge earthquake in 
this area. In one of their studies86 they 
clearly show that SCD was increased 
during the day of the earthquake 
(Figure 7). Remarkably, during the 
six days after the earthquake, the 
number of SCD cases was below 
average. This observation suggests 
that the earthquake was a source of 
great mental stress, thus causing SCD 
in numerous patients who otherwise 
would have reached the ‘triggering 
threshold’ for SCD a few days later 
due to other causes. Similar results 
were found in the Israeli population on 
the days of Iraqi missile attacks during 
the Gulf war in January 1991.87 Finally, 

a more contemporary example of the 
effects of unnatural disasters on SCD 
was presented by Stuckler et al.88 They 
recently calculated that a banking 
crisis coincides with a 6.4% (95% CI: 
2.5% to 10.1%; P<0.01) increase in 
cardiovascular disease mortality in 
developed countries, using data from 
1960 to 2002.

Change of posture
In the previous sections of this article, 
several explanations of the possible 
morning increase in SCD and acute 
coronary syndromes were reviewed. 
Some researchers have argued that 
the act of standing up after awakening 
contributes to the morning increase 
in SCD. A systematic review of 23 
studies on this topic is available.89 Two 

Figure 7. Sudden cardiac death triggered by an earthquake. Daily number of sudden deaths related 
to atherosclerotic cardiovascular disease in Los Angeles County during January 10 to January 23, 
1994. On the day of the earthquake, January 17, there were significantly more sudden cardiac 
deaths (P<0.001). There was a trend towards a decline in sudden cardiac deaths on each of the 
following six days (P=0.084). Reprinted with permission.86 Copyright © 1996 Massachusetts Medical 
Society. All rights reserved.
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important consequences of change of 
posture are an increase of hematocrit 
of 1.3-4.6% (based on 11 studies) and 
a loss of plasma volume of 7-17% (i.e. 
200-640 mL; based on 15 studies). 
This hemoconcentration is caused by 
redistribution of blood to the lower part 
of the body, causing higher hydrostatic 
pressure and subsequent transvascular 
loss of plasma to the interstitial fluid 
compartment. The resulting increased 
blood viscosity may contribute to the 
morning increase in acute coronary 
syndromes. Furthermore, some of the 
morning changes in blood coagulability, 
as described earlier, might be caused 
by change in posture. However, 
evidence on this topic is limited and 
further research is needed to draw 
conclusions.

Sexual activity
Sexual activity is considered a separate 
category of trigger, because it includes 
physical activity as well as emotional 
activity. Sexual activity is decreased in a 
large proportion of patients with known 
CAD, mostly because of anxiety. Muller 
et al.90 interviewed 858 patients who 
were sexually active in the year prior 
to nonfatal acute myocardial infarction 
onset. Of these patients, 9% reported 
sexual activity in the hour prior to 
acute myocardial infarction onset, and 
3% in the 2 hours prior to myocardial 
infarction. This represents a relative 
risk of 2.5 (95% CI 1.7 – 3.7). In patients 
with prior myocardial infarction, the 

relative risk was 2.9 (95% CI 1.3 - 6.5). 
Regular exercise was associated with 
a lower risk. Because the absolute 
risk of myocardial infarction is very low 
and sexual intercourse is a relatively 
infrequent event, the anxiety should be 
taken away in most cases. Although 
there are no reports assessing the 
risk of SCD during sexual activity, it is 
presumed to be similar to the risk of 
myocardial infarction.

Future directions

Although several large prospective 
studies have been conducted, it is still 
not possible to identify the large group 
of asymptomatic individuals prior to 
their fatal cardiac event as up to 50% 
of patients dying of SCD as a result 
of CAD are unaware of prior CAD.20 
Future progress should come from 
improvements in risk stratification and 
targeted ICD implantation in individuals 
at high risk of SCD. In addition, 
implantable devices which can track 
ST-segment shifts and changes in 
rhythm with patient feedback mode are 
being tested.91 Such a strategy appears 
promising in high risk patient subsets. 
Prevention of SCD in a broad, less 
defined population is unfeasible. Due 
to the low incidence of SCD in such a 
population – even with very accurate 
testing – the number of false positives 
will be high.
In patients with (asymptomatic) CAD, 
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endogenous as well as exogenous 
factors may trigger SCD and acute 
coronary syndromes. Future preventive 
strategies should focus on minimizing 
exposure to exogenous triggers and 
treating exposure to endogenous 
triggers. Exposure to endogenous 
triggers can be reduced with medication 
in susceptible individuals, particularly 
during the morning hours. Exogenous 
triggers can often be modified by lifestyle 
changes. Kloner78 argued, for instance, 
that the act of waking up can be made 
less hazardous by taking the time to 
get out of bed and stand up, perhaps 
combined with soft music instead of a 
loud alarm. This is not a proven therapy 
yet, but is worth more research. Finally, 
specific pharmacological treatment 
might be beneficial in preventing 
trigger mediated SCD or acute 
coronary syndrome. Mittleman et al.92 

demonstrated that regular aspirin 
users had a significantly lower risk of 
anger triggered myocardial infarction 
compared with nonusers. With the 
intention to provide a framework for 
future research, Tofler and Muller also 
identify strategies for ‘triggered acute 
risk prevention’.52 To implement such 
strategies in clinical practice is a major 
future challenge.

Conclusions

In conclusion, SCD is still an important 
cause of death and seems to be greatly 
influenced by triggers. More research 
is warranted on risk stratification, 
identification of potential triggers, and 
targeted prevention of exposure to 
those triggers in individuals at risk of 
SCD.
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Abstract

Background: Adverse cardiovascular events such as acute myocardial infarction 
are known to have higher incidences during the early morning hours, Mondays, 
and Winter months. We sought to determine the circadian, weekly, and seasonal 
variation of coronary stent thrombosis.
Methods: The Mayo Clinic Percutaneous Coronary Intervention (PCI) Registry 
was searched for patients admitted to our center who underwent repeat PCI in 
a previously stented coronary artery segment. Stent thrombosis was confirmed 
by angiographic review and date and time of symptom onset were obtained from 
medical records. 
Results: We identified 124 patients with definite stent thrombosis and known 
date and time of symptom onset. In these patients, onset of stent thrombosis 
was significantly associated with time of day (P=0.006), with a peak incidence 
around 07:00 AM. When subdividing patients into early stent thrombosis (0-
30 days; n=49), late stent thrombosis (31-360 days; n=30), and very late stent 
thrombosis (>360 days; n=45), only early stent thrombosis remained significantly 
associated with time of day (P=0.030). No association with the day of the week 
was found (P=0.509), however, onset of stent thrombosis did follow a significant 
seasonal pattern with higher occurrences in the summer (P=0.036).
Conclusions: Coronary stent thrombosis occurs more often in the early morning 
hours. Early stent thrombosis follows a circadian rhythm with a peak at 07:00 
AM. This pattern was not significant in late and very late stent thrombosis. 
Occurrences throughout the week were equally distributed, but stent thrombosis 
was more likely to occur in the summer months.

Introduction

Twenty four hour (circadian) patterns 
are present in numerous physiological 
processes. Circadian variation with 
a morning peak has been found in 
heart rate, blood pressure,1,2 and 
levels of multiple hormones such as 
renin, aldosterone, and cortisol.3,4 
It is becoming increasingly clear 

that adverse events follow circadian 
patterns as well. Circadian variation 
with a peak in the morning has been 
observed in stroke,5 unstable angina 
pectoris,6 acute myocardial infarction,7,8 
and sudden cardiac death.7,9 In 
addition, weekly patterns with a peak 
on Monday and seasonal patterns with 
a peak in the winter have been reported 
in acute myocardial infarction,10-12 and 
sudden cardiac death.13,14 The majority 
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of these temporal patterns seem to be 
attributable to triggering factors, such 
as hemodynamic, and hemostatic 
changes, physical exertion, and mental 
stress.15-18

In theory, it is likely that coronary stent 
thrombosis also follows a circadian 
pattern, due to an increased tendency 
towards thrombosis in the morning 
hours.18-20 However, this hypothesis 
has only been confirmed by 1 report 
with a sample size of 21 patients.21 
Furthermore, the role of triggering 
factors in stent thrombosis onset has 
been suggested in a case report.22 
More insight in patterns of onset of 
stent thrombosis and potential triggers 
may help to prevent stent thrombosis 
by optimizing medical treatment during 
high risk intervals throughout the day, 
week, and year.
To address the hypothesis that 
stent thrombosis follows a circadian 
pattern, we performed an analysis 
of the Mayo Clinic Percutaneous 
Coronary Intervention (PCI) Registry.  
Secondarily, we assessed weekly and 
seasonal patterns and characterized 
potential triggering events preceding 
stent thrombosis onset.

Methods

Study design
After  obtaining institutional review  
board  approval, a retrospective   
analysis was performed, using 

the Mayo Clinic PCI Registry.  
This database includes baseline, 
procedural, angiographic, and outcome 
data on all patients undergoing PCI at 
the Mayo Clinic, Rochester, Minnesota. 
For this registry, data is prospectively 
collected by experienced interventional 
cardiology data technicians. The 
database supervisor performs routine 
audits of 10% of the records for 
quality control purposes. We identified 
patients admitted to our center who had 
undergone a repeated PCI procedure 
in a coronary artery segment where a 
stent had been previously placed and 
who had experienced sudden onset or 
worsening of anginal symptoms within 
a week of this repeated PCI procedure. 
The later criterion was determined by 
medical record review. We excluded 
patients with unknown symptom 
onset date and time and patients who 
had previously declined to have their 
medical records reviewed for research, 
as is required by Minnesota state law. 
We did not study patients with sudden 
death, since angiographic evidence of 
stent thrombosis could not be obtained 
in these patients. Subsequently, 
angiograms of eligible study subjects 
were reviewed for angiographic 
evidence of stent thrombosis by 
experienced interventional cardiology 
trainees blinded to the primary 
outcome of this study. Thus, the 
subjects we identified by means of this 
method have definite stent thrombosis 
according to the Academic Research 
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Consortium (ARC) definition: “an acute 
coronary syndrome with angiographic 
or autopsy evidence of thrombus 
or occlusion”.23 In addition, medical 
records were reviewed for level of 
physical activity prior to symptom 
onset, and other events that had 
potentially triggered stent thrombosis 
were identified.

Definitions
In accordance with the ARC definition, 
stent thrombosis was subdivided into 
early stent thrombosis (0 to 30 days), 
late stent thrombosis (31 to 360 days), 
and very late stent thrombosis (>360 
days).23 Multivessel disease was 
defined as the number of vessels 
wherein the first had at least 70% 
stenosis and subsequent vessels at 
least 50% stenosis. For the index 
procedure (initial stent placement), 
lesion dissection was defined as the 
presence of an intimal tear during 
the procedure, regardless of its 
persistence after completion of the 
procedure, and stent size was defined 
as the smallest diameter of any stent 
placed in the coronary artery segment 
where stent thrombosis would later 
occur. Finally, arterial calcification and 
lesion calcification were defined as 
any visible calcium during coronary 
angiography.
The level of physical activity prior to 
stent thrombosis symptom onset was 
graded using metabolic equivalents. 
One metabolic equivalent (MET) 

was defined as the energy spent per 
minute by a subject sitting quietly 
and is equivalent to 3.5 ml of oxygen 
uptake per kilogram of body weight 
per minute by a 70-kg adult.15 This 
method has previously been used in 
studies assessing physical activity 
as a potential trigger of myocardial 
infarction.15,17 We defined the 
categories sleeping (1 MET), lying or 
sitting (1-2 METS), light to moderate 
exertion (3-5 METS), and heavy 
exertion (≥6 METS). Furthermore, we 
reviewed medical records for other 
potential triggers of stent thrombosis. 
This included documented medication 
noncompliance and patients who were 
initially admitted to our center for other 
medical conditions, but developed stent 
thrombosis during their hospitalization. 
Patients who were admitted for stent 
thrombosis, but were found to have 
other important medical conditions 
at admission (e.g. infection) were 
also considered to have a potential 
triggering factor for stent thrombosis.

Statistical analysis
Continuous variables are summarized 
as mean ± standard deviation, 
unless otherwise specified. Discrete 
variables are presented as fractions 
and percentages. Group differences 
for categorical variables were tested 
using Pearson’s chi-squared test. The 
distribution of time of symptom onset 
over the 24-hour clock, week, and year 
were tested against the null hypothesis 
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Table 1. Patient characteristics during index procedure (n=124)
Clinical
Age (years) 62.7 ± 13.4
Male 88/124 (71)
Body mass index (kg/m2) 29.5 ± 5.4 (n=123)
Systolic blood pressure (mm Hg) 126.6 ± 26.7 (n=60)
Heart rate (bpm) 69.5 ± 12.4 (n=60)
Hypertension 83/115 (72)
Hypercholesterolemia 93/116 (80)
Diabetes 40/121 (33)
Current smoker 39/119 (33)
CHF on presentation 13/113 (12)
Peripheral vascular disease 22/118 (19)
Malignancy 18/119 (15)

Metastatic malignancy 2/119 (1.7)
Family history of CAD 37/83 (45)
Prior PTCA 46/124 (37)
Prior myocardial infarction

Single 60/121 (50)
Multiple 27/121 (22)

Prior coronary artery bypass grafting 36/121 (30)
Procedural
Preprocedural TIMI flow

0 13/86 (15)
1 4/86 (4.7)
2 8/86 (9.3)
3 61/86 (71)

Procedure related vessel*
Left anterior descending artery 40/124 (32)
Right coronary artery 41/124 (33)
Left circumflex artery 23/124 (19)
Left main artery 4/124 (3.2)
Vein graft 19/124 (15)

Bifurcation lesion 14/108 (13)
Calcium in stenosis 27/98 (28)
Calcium in artery 34/90 (38)
Dissection 18/114 (16)
Postprocedural TIMI flow

2 3/111 (2.7)
3 108/111 (97)

Stent
Type of stent

Drug-eluting stent 45/124 (36)
Bare-metal stent 79/124 (64)

Stent diameter (mm) 3.2 ± 0.6 (n=123)
Total number of stents

1 65/124 (52)
2 38/124 (31)
>2 21/124 (17)

Values are mean ± standard deviation or n/N (%)
All procedural and stent data relates to the coronary artery segment where stent thrombosis would later occur, 
except 'total number of stents', which relates to the index procedure as a whole.
* Total % is >100%, because 3 patients had stent thrombosis in 2 vessels.

CHF, congestive heart failure; CAD, coronary artery disease; PTCA, percutaneous transluminal coronary 
angioplasty; TIMI, thrombolysis in myocardial infarction.
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of a uniform likelihood using the 
Rayleigh test.24 For weekly and 
seasonal patterns, hour of week and 
day of year were used, respectively. 
To help identify the average temporal 
trends, sinusoidal functions were used 
to model stent thrombosis as functions 
of the time of symptom onset over the 
day, week, and year. The 4 degrees 
of freedom sinusoid consisted of 
one-period cosine, one-period sine, 
two-period cosine, and two-period 
sine variables. A two-tailed P value 
<0.05 was considered significant. All 
analyses were conducted with SAS 
9.1.3 and JMP 8.0 (SAS Institute, Cary, 
North Carolina).

Results

Patient population
A total number of 1631 patients with 
a repeat intervention in a previously 
stented coronary artery segment 
were identified. In 252 patients, the 
onset of ischemic symptoms was 
within one week of intervention and 
symptom onset date and time could be 
obtained from the medical record. After 
angiographic review, a total number 
of 124 patients with definite stent 
thrombosis were identified. The other 
patients were found to have restenosis 
rather than stent thrombosis. Index 
procedures were performed between 

Figure 1. Circadian variation of overall stent thrombosis (n=124). The spokes are drawn from the 
center of the circle to the number of stent thrombosis events that occurred that hour of the day; the 
spoke angles represent the time of day (rounded to the nearest hour). The scale is presented by 
concentric circles; the center of the circles represents zero frequency, the outer circle represents 12 
stent thrombosis events. The dashed line is a sinusoidal smoothing function indicating the average 
circadian trends. The plot indicates that there was a low incidence of stent thrombosis around 19:00-
24:00 and a peak incidence around 07:00. The association between onset of stent thrombosis and 
time of day was significant (P=0.006).
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Figure 2. Circadian variation of early stent 
thrombosis (n=49). An explanation of the figure 
is provided in the legend of Figure 1. The plot 
shows a significant association between early stent 
thrombosis and time of day (P=0.030). A peak can 
be appreciated around 07:00.

Figure 3. Circadian variation of late stent 
thrombosis (n=30). An explanation of the figure is 
provided in the legend of Figure 1. No significant 
association between late stent thrombosis and 
time of day was found (P=0.537).

February 21, 1995 and June 23, 2009.  
Subsequent procedures for stent 
thrombosis were performed between 
February 22, 1995 and August 20, 
2009. Baseline clinical and procedural 
characteristics at the time of the index 
procedure are shown in Table 1. Unless 
otherwise specified, the procedural data 

had an ongoing malignancy or a 
history of malignancy in the past 
5 years. Furthermore, after the 
index procedure, dissection of the 
coronary artery segment where 
stent thrombosis would later occur 
was present in 16% of patients.

Temporal variation
Stent thrombosis occurred after a 
median of 97 days of initial stent 
placement, with an interquartile 
range (IQR) of 4-862 days. The 
patient sample included 49 patients 
with early stent thrombosis (median 
3 days after index procedure; IQR 
1-5 days), 30 patients with late stent 
thrombosis (median 116 days; IQR 
77-216 days), and 45 patients with 
very late stent thrombosis (median 
38 months; IQR 26-63 months).
The primary outcome, stent 
thrombosis as a function of 24 
hour circadian time, is shown in 
Figure 1. We found a significant 
association between the onset 
of stent thrombosis and time of 
day, with a low incidence around 
20:00 and a peak around 07:00 
(P=0.006). However, when patients 
were subdivided into early, late, and 
very late stent thrombosis, only the 
association between early stent 
thrombosis and time of day remained 
significant (P=0.030, P=0.537, and 
P=0.096, respectively; Figure 2-4). 
No significant association between 
stent thrombosis symptom onset and 
day of week was found (P=0.509). 
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Figure 5. Incidence of stent thrombosis 
throughout the year (n=124). There was a 
significant association between stent thrombosis 
onset and day of year (P=0.034). Higher rates 
of stent thrombosis were found in the summer 
months, reaching peak incidences in July and 
August.

Figure 4. Circadian variation of very late stent 
thrombosis (n=45). An explanation of the 
figure is provided in the legend of Figure 1. No 
significant association between very late stent 
thrombosis and time of day was found (P=0. 
096). There was, however, a trend towards a 
higher incidence of stent thrombosis between 
06:00 and 12:00.

When looking at seasonal patterns, 
there were higher stent thrombosis 
rates in the summer months, with a 
peak occurrence between the end 
of July and the beginning of August 
(P=0.036; Figure 5). 

relates to the coronary artery segment 
where stent thrombosis would later 
occur. Note that 33% of patients 
were diabetics, 19% of patients had 
peripheral vascular disease, and 15% 
of patients had

Procedure indication and 
medication use
Preprocedural medication use and 
indication for the index and stent 
thrombosis procedures are presented 
in Table 2. Two thirds of the patients 
with stent thrombosis presented with 
myocardial infarction, most commonly 
ST-elevation myocardial infarction 
(STEMI). Overall, 96% of patients 
were on aspirin at the time of stent 
thrombosis. About 89% of patients 
with early stent thrombosis were on 
clopidogrel or ticlopidine, but less 
than half of the patients with late or 
very late stent thrombosis used these 
medications. When subdivided by 
type of stent, 86% of patients with 
a bare-metal stent and early stent 
thrombosis were using clopidogrel 
or ticlopidine before onset of stent 
thrombosis. This rate was 7 out of 20 
(35%) for patients with a bare-metal 
stent and late stent thrombosis and 
6 out of 25 (24%) for patients with a 
bare-metal stent and very late stent 
thrombosis. In patients with a drug-
eluting stent, 14 of 15 patients (93%) 
presenting with early stent thrombosis 
were using clopidogrel (none of the 
patients were on ticlopidine). This rate 
was only 6 out of 10 (60%) for patients 
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Table 2. Indication for the procedure and preprocedural medication use

 
Index 

procedure 
(n=124)

Stent thrombosis
PEarly 

(n=49)
Late 

(n=30)
Very late 
(n=45)

Indication for the procedure
Unstable angina 65/124 (52) 19/49 (39) 15/30 (50) 5/45 (11)
STEMI 28/124 (23) 23/49 (47) 11/30 (37) 27/45 (60)
NSTEMI 18/124 (15) 6/49 (12) 3/30 (10) 12/45 (27)
Positive exercise test 6/124 (4.8) 1/30 (3.3)
Arrhythmia 1/124 (0.8) 1/49 (2.0) 1/45 (2.2)
Chronic heart failure 2/124 (1.6)
Asymptomatic 1/124 (0.8)
Other 3/124 (2.4)

Preprocedural medication
Aspirin 113/118 (96) 48/48 (100) 29/30 (97) 41/45 (91) 0.968
Beta Blocker 101/119 (85) 41/48 (85) 24/29 (83) 39/45 (87) 0.978
Clopidogrel 29/105 (28) 34/44 (77) 13/30 (43) 14/45 (31) 0.0001
Ticlopidine 3/119 (2.5) 5/44 (11) 0.494
Anticoagulant 4/118 (3.4) 7/49 (14) 1/29 (3.5) 1/45 (2.2) 0.254

Values are n/N (%). P-values are index procedure versus overall stent thrombosis procedure

STEMI, ST-elevation myocardial infarction; NSTEMI, non ST-elevation myocardial infarction.

with a drug-eluting stent and late stent 
thrombosis and 8 out of 20 (40%) in 
patients with a drug-eluting stent and 
very late stent thrombosis.

Potential triggers
In 62 patients, activity level before 
stent thrombosis symptom onset was 
documented in their medical record. 
Twenty one (33.9%) patients were 
sleeping (1 MET), 16 (25.8%) patients 
were lying or sitting (1-2 METS), 18 
(29.0%) patients were engaged in light 
to moderate physical exertion (3-5 
METS), and 7 (11.3%) patients were 
engaged in heavy physical exertion 
(≥6 METS). We did not find significant 
differences in physical activity level 

among patients with early, late, and very 
late stent thrombosis. Furthermore, we 
identified other medical conditions that 
may have triggered stent thrombosis. 
These are presented in Table 3. In 
5.6% of patients medication non-
compliance was explicitly documented. 
Furthermore, 4% of patients were 
hospitalized for surgery or invasive 
diagnostics and developed stent 
thrombosis during this hospitalization. 
Finally, it is important to note that 4% 
of patients were found to have either 
pneumonia or a urinary tract infection 
at admission to our center.

Discussion
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Table 3. Potential triggers and risk factors for stent thrombosis (n=124)
Pharmacological triggers

Medication noncompliance 7/124 (5.6)
Hospital admission for other problems

Surgery / invasive diagnostics 5/124 (4.0)
Pneumonia* 4/124 (3.2)
Current chemotherapy / radiotherapy 2/124 (1.6)
Urinary tract infection 1/124 (0.8)
Pulmonary embolism 1/124 (0.8)
Stroke 1/124 (0.8)
Onset during hemodialysis 1/124 (0.8)
Onset during adenosine sestamibi 1/124 (0.8)

Factor V Leiden 3/124 (2.4)
History of chest radiation 1/124 (0.8)

Total potential triggers/risk factors† 27
Number of patients with potential triggers/risk factors 26/124 (21)
Values are n/N (%)
*1 being possible pneumonia; †1 patient had 2 potential triggers

While the incidence of stent thrombosis 
decreased in recent years due to dual 
antiplatelet therapy and improved 
stent design, the consequences of 
stent thrombosis are often severe. The 
majority of patients that experience 
stent thrombosis die or suffer acute 
myocardial infarction.25 In the 
present study, we demonstrated on a 
continuous scale that stent thrombosis 
follows a circadian rhythm with a 
peak at 07:00. This circadian rhythm 
may be absent or less pronounced in 
late and very late stent thrombosis. 
Furthermore, we found a significant 
association between stent thrombosis 
and season with a peak in the summer 
months. No weekly pattern in stent 
thrombosis onset was found.
Several physiological processes may 
contribute to the increased incidence 

of stent thrombosis in the morning. 
First, renin-angiotensin-aldosterone 
system (RAAS) activity is increased 
between 06:00 and 08:00,3 thus 
causing higher blood pressure and 
heart rate in the morning.1,2 This may 
trigger stent thrombosis by causing 
shear stress. Second, blood viscosity 
tends to be higher in the morning and 
this may be magnified by assuming 
the upright posture after a night of 
supine sleep.26 Higher blood viscosity 
in combination with higher vascular 
tone,27 makes the occurrence of 
symptomatic stent thrombosis more 
likely in the morning. Third, patients 
may have suffered of coronary 
spasm which has been associated 
with thrombus formation28 and mainly 
occurs during the night and in the 
morning.29 Fourth, a hypercoagulable 
and hypofibrinolytic state may be 
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responsible for the morning excess 
in cardiovascular events. Tofler et 
al.20 reported increased platelet 
aggregability. Furthermore, Andreotti 
and coworkers19 demonstrated that 
tissue-type plasminogen activator 
(t-PA), the major component of the 
fibrinolytic system, was reduced in the 
morning, reaching lowest values at 
06:00. At the same time, the activity of 
the fast-acting inhibitor of fibrinolysis, 
plasminogen activator inhibitor (PAI), 
was increased. Finally, antithrombotic 
medication such as aspirin, clopidogrel, 
and ticlopidine are likely to have nadir 
levels in the morning, just before 
waking up and taking a new dose.
Our study confirms a previous report on 
circadian variation in stent thrombosis. 
To our knowledge, there has only been 
one prior study that assessed circadian 
variation of stent thrombosis in a group 
of 21 patients.21 Tamura and coworkers 
found a higher morning incidence of 
subacute stent thrombosis in patients 
with a bare-metal stent. However, this 
study used 6-hour intervals and did not 
assess weekly and seasonal patterns 
due to a limited sample size.
In addition to a circadian variation, we 
found a higher occurrence of stent 
thrombosis in the summer months. 
An intuitive explanation may be that 
patients were more active in the 
warm months of the year compared 
to the cold months. However, most 
reports assessing seasonal patterns 
in acute myocardial infarction find 

higher incidences in the winter 
months.10,11 Still, even passive heating 
in the summer can cause sympathetic 
nervous system activation and 
increased heart rate and thus may 
explain higher stent thrombosis rates 
in the summer.30,31

We did not find a significant 
association between onset of stent 
thrombosis and day of the week. 
In other cardiovascular conditions, 
such as acute myocardial infarction, 
higher occurrences have been found 
on Monday.11,12 It is likely that mental 
stress accounts for this pattern, since it 
is less pronounced in the non-working 
population. The absence of this pattern 
in stent thrombosis may suggest a 
more limited role of mental stress as 
a triggering factor for stent thrombosis.
When looking at the baseline 
characteristics of our patients, high 
rates of diabetes, peripheral vascular 
disease, malignancy, and dissection 
were found. These conditions have 
shown to be independent risk factors 
for stent thrombosis in a study by van 
Werkum and colleagues.32 In addition 
to these data, we tried to establish 
physical activity level and other 
potential triggers for stent thrombosis 
onset. Although there is a great body 
of evidence with regard to the role of 
triggers in onset of acute myocardial 
infarction and sudden cardiac 
death, this is not the case for stent 
thrombosis. We had several important 
findings. First, we found that stent 
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thrombosis was preceded by heavy 
physical exertion in 11.3% of patients. 
Most patients, however, were either 
asleep or performing light exercise. In 
a recent report describing 3 cases of 
stent thrombosis, the association with 
physical exertion was suggested.22 
Our results show that there is indeed 
circumstantial evidence that heavy 
physical exertion may play a role in 
stent thrombosis onset. Surely, it is 
unlikely that 11% of a population is 
engaged in heavy physical activity at a 
certain point in time. More research on 
this topic is warranted to confirm our 
findings and estimate the size of this 
risk factor. Previous studies using the 
case-crossover design have identified 
heavy physical exertion as a risk factor 
for acute myocardial infarction.15,17 
Second, 4% of patients were 
hospitalized for surgery or invasive 
diagnostics. These conditions may 
have interfered with the antithrombotic 
medication regimen, thus causing 
stent thrombosis. Third, in 5.6% of 
patients medication noncompliance 
was explicitly documented. However, 
we found that a much larger proportion 
of patients did not use clopidogrel 
or ticlopidine for at least 30 days 
(2007 guideline) or 1 year (current 
guideline) after implantation of a bare-
metal stent or for at least 1 year after 
implantation of a drug-eluting stent, 
as is recommended by the American 
College of Cardiology/American Heart 
Association (ACC/AHA) guidelines.33,34 

Fourth, about 4% of patients had an 
ongoing acute infection prior to stent 
thrombosis onset. Acute infections, 
particularly in the respiratory and 
urinary tract may well be triggers of stent 
thrombosis, since they have shown 
to increase the risk of other adverse 
cardiovascular events as well.35-37 For 
instance, a large study in the United 
Kingdom demonstrated an increased 
risk of acute myocardial infarction and 
stroke in patients with a respiratory 
tract infection (including pneumonia) 
or an urinary tract infection.36 Finally, 
we found Factor V Leiden in 2.4% 
of our patients. Although Factor V 
Leiden is a well known risk factor for 
venous thrombosis, we did not find 
higher prevalences of this condition 
in our patient sample compared to the 
general population (about 6%).38,39 
In addition, multiple reports have 
suggested that Factor V Leiden is not 
associated with arterial thrombosis.38,40

Limitations
It is important to note the limitations 
of our study. Given the number of 
theoretical mechanisms for circadian 
rhythms, but the modest number 
of patients reported, analysis of 
associations must be regarded as 
speculative.  Although we used 
prospectively collected data, this was 
a retrospective analysis. Because 
date and time of symptom onset were 
unavailable in some patients, our 
sample does not consist of consecutive 
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patients. Also, data availability did not 
allow us to identify patients who had 
undergone a single index or stent 
thrombosis procedure at our center 
and the other procedure at another 
center. However, we believe lack of 
data was completely random and was 
unlikely to have biased our analysis. 
Furthermore, since stent thrombosis 
is a relatively rare complication, our 
sample size was limited. Therefore, 
this study may not have had enough 
statistical power to demonstrate 
circadian variation in late and very late 
stent thrombosis. The fact that we did 
not find a weekly pattern could also be 
due to limited power. Another limitation 
is that we did not study patients with 
sudden death. We recognize that stent 
thrombosis often leads to death,25 
but we chose not to include these 
patients since angiographic evidence 
of stent thrombosis could not be 
obtained. Another reason is that the 
well established circadian rhythm of 
sudden cardiac death7,9 would pose a 
potential source of bias in our analysis. 
However, exclusion of sudden deaths 
may account for the remarkable 
seasonal distribution we found. It may 
be possible that stent thrombosis is 
more severe during the winter, and 
thus causes more sudden deaths. 

Finally, we did not include a control 
group in our analysis of potential 
triggers of stent thrombosis. Therefore, 
statements made regarding potential 
triggers could not be tested and this 
part of our analysis should be seen as 
merely explorative.

Conclusions

In conclusion, this study shows that 1) 
stent thrombosis follows a circadian 
rhythm with an early morning peak, 2) 
stent thrombosis follows a seasonal 
rhythm with a peak in the summer, and 
3) potential triggers of stent thrombosis 
can be identified in a considerable 
number of patients, mainly exercise 
and conditions or behavior that 
interferes with an optimal medication 
regimen.
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Abstract

Background: Recent studies have reported on circadian variation in infarct size 
in ST-elevation myocardial infarction (STEMI) patients. Controversy remains as 
to whether this finding indicates circadian dependence of myocardial tolerance 
to ischemia/reperfusion injury or that it can simply be explained by confounding 
factors such as baseline profile and ischemic time. We assessed the clinical 
impact and independent association between symptom onset time and infarct 
size, accounting for possible subgroup differences.
Methods: From a multicenter registry, 6799 consecutive STEMI patients 
undergoing primary percutaneous coronary intervention (PCI) between 2004 
and 2010 were included. Infarct size was measured using peak creatine kinase 
(CK).
Results: Infarct size exhibited circadian variation with largest infarct size in 
patients with symptom onset around 03:00 at night (peak CK 1322 U/l; 95%CI 
1217-1436) and smallest infarct size around 11:00 in the morning (peak CK 1071 
U/l; 95%CI 1001-1146; relative reduction 19%; P=0.001). Circadian variation 
in infarct size followed an inverse pattern in patients with prior myocardial 
infarction (Pinteraction<0.001) and prior PCI (Pinteraction=0.006), although the later did 
not persist in multivariable analysis. Symptom onset time remained associated 
with infarct size after accounting for these interactions and adjusting for baseline 
characteristics and ischemic time. Symptom onset time did not predict 1-year 
mortality (P=0.081).
Conclusions: There is substantial circadian variation in infarct size which cannot 
be fully explained by variations in baseline profile or ischemic time. Our results 
lend support to the hypothesis of circadian myocardial ischemic tolerance and 
suggest a different mechanism in patients with prior myocardial infarction.

Introduction

It is well-known that the incidence 
of acute myocardial infarction is low 
during the night and tends to peak 
in the morning between 06:00 and 
12:00.1-3 This circadian pattern has 
been explained by a sudden increase 

in sympathetic nervous system activity 
and a prothrombotic state during the 
morning hours.4 Recently, several 
studies have described circadian 
variation in infarct size in patients with 
ST-elevation myocardial infarction 
(STEMI), suggesting the possibility of 
circadian dependence of myocardial 
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tolerance to ischemia/reperfusion 
injury in man.5-9 This concept has 
previously been demonstrated in 
a rodent model, showing profound 
variation in infarct size depending on 
the time of coronary artery occlusion.10 
However, the human studies on 
circadian variation in infarct size to date 
were small and controversy remains 
as to whether the circadian variation in 
infarct size truly reflects endogenous 
myocardial response to ischemia/
reperfusion injury or is confounded 
by the circadian variation in baseline 
profile2,3,11 and the circadian variation 
in symptom onset to treatment time 
(ischemic time) reported in STEMI 
patients.2,3,12 Furthermore, common 
subgroups have not been assessed 
and it is also unknown if circadian 
variation in infarct size translates into 
differences in mortality.
In the present observational study we 
used data from consecutive patients 
with STEMI undergoing primary 
percutaneous coronary intervention 
(PCI) at 2 high-volume referral centers. 
We systematically assessed circadian 
variation in enzymatic infarct size in 
the overall population and relevant 
subgroups with adjustment for baseline 
characteristics and ischemic time. We 
also assessed if circadian variation in 
infarct size translated into a circadian 
mortality pattern.

Methods

Study design
We used a registry from 2 large PCI-
capable centers in the northern part of 
The Netherlands (University Medical 
Center Groningen, Groningen and 
Isala Clinics, Zwolle). Consecutive 
patients with STEMI undergoing 
primary PCI from January 2004 through 
December 2010 were included. STEMI 
was defined as chest pain suggestive 
of myocardial ischemia, time from 
onset of symptoms <12 hours, and an 
electrocardiogram (ECG) with new ST-
segment elevation in ≥2 contiguous 
leads of ≥0.2mV in leads V2-V3 and/
or ≥0.1mV in other leads or a new-
onset left bundle branch block. All 
patients with available symptom onset 
time and enzymatic infarct size were 
studied. For this observational study 
on anonymized patient data, informed 
consent was not required by our 
medical ethics committees.

Treatment
Both centers provided 24/7 primary 
PCI and emergency cardiac care 
facilities with on-site cardiothoracic 
surgical support throughout the study 
period. Regional STEMI networks 
for 12-lead ECG based prehospital 
diagnosis and direct referral for 
primary PCI were in place and fully 
operational. Primary PCI was the 
preferred reperfusion strategy for all 
patients with STEMI and interhospital 
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transfer for primary PCI was performed 
in case of failed prehospital diagnosis 
or self-referral to a non-PCI-capable 
center. Pharmacological pretreatment 
was usually initiated in the ambulance 
and consisted of aspirin (500mg), 
heparin (5000IU), and clopidogrel 
(300mg or 600mg, according to at that 
time valid guidelines). Periprocedural 
glycoprotein IIb/IIIa inhibitors were 
used unless contra-indicated. Bare-
metal stents as well as drug-eluting 
stents were used at the operator’s 
discretion. 

Methods of measurement
Data on all patients with STEMI 
undergoing primary PCI were routinely 
collected in a dedicated database. 
Baseline characteristics were 
documented upon admission and vital 
signs were collected upon entrance 
to the catheterization laboratory. 
Symptom onset time was defined as 
self-reported time of onset of symptoms 
compatible with myocardial infarction. 
Ischemic time was defined as time from 
symptom onset to initial intracoronary 
therapy by means of thrombus 
aspiration, balloon inflation, or stenting 
of the infarct related artery. The time of 
emergency medical services arrival at 
the PCI-capable center was deemed 
the ‘door’ time or, in case of self-
referrals, time of presentation at the 
emergency department. Thrombolysis 
In Myocardial Infarction (TIMI) flow was 
scored by the operator during the PCI 

procedure. Enzymatic infarct size was 
determined using serum peak creatine 
kinase (CK) as previously validated.13,14 
CK levels were measured in all patients 
following a standardized protocol on 
admission and 3, 6, 12, and 24 hours 
after primary PCI. Levels of CK were 
determined using an UV assay and an 
immunologic UV assay (Mega, Merck, 
Darmstadt, Germany for Groningen 
between January 2004 and February 
2006; Modular P, Roche, Mannheim, 
Germany for Zwolle and for Groningen 
as of March 2006). All-cause mortality 
was collected using hospital records, 
telephone interviews with either the 
patient or general practitioner, and 
coupling with municipal civil registries. 
All reported variables and outcome 
measures were available in ≥90% of 
patients except for body mass index 
(77%), symptom-onset-to-door time 
(73%), and door-to-balloon time (72%). 
Follow-up with regard to 30-day and 
1-year mortality was completed in all 
patients.

Statistical analysis
Continuous variables were summarized 
as mean ± standard deviation or 
median and interquartile range. 
Discrete variables were presented 
as numbers and percentages. To 
compare groups, we used analysis 
of variance for normally distributed 
continuous variables, Kruskal-Wallis 
test for nonparametric continuous 
variables, and Pearson’s χ2 test for 
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categorical variables. The distribution 
of symptom onset time over the 24-
hour clock was tested against the null 
hypothesis of a uniform likelihood with 
the Rayleigh test.15 Symptom onset 
time was subsequently grouped into 
three 8-hour periods based on the 
distribution of symptom onset time and 
the circadian variation in infarct size: 
night (00:00-08:00), daytime (08:00-
16:00), and evening (16:00-00:00). 
This 3-group approach is comparable 
with previous studies2,3 and was only 
used for descriptive analysis. For all 
other analyses, symptom onset time 
was transformed into a 4 degrees-
of-freedom sinusoid consisting of 
a 1-period sine, 1-period cosine, 
2-period sine, and 2-period cosine 
variable and handled on a continuous 
scale.12 Statistical significance of 
symptom onset time was tested using 
the likelihood ratio test.
To study the independent association 
between enzymatic infarct size (peak 
CK) and symptom onset time, mixed-
effects regression models were used 
with peak CK as the dependent 
variable. A random center effect was 
added to the models. Peak CK and 
ischemic time were first transformed 
logarithmically, to account for their 
skewed distribution. Parameter 
estimates and 95% confidence 
intervals (CI) were retransformed 
into meaningful units in the final 
models. First, univariable associations 
between the baseline characteristics 

listed in Table 1 and peak CK were 
investigated. Second, subgroup 
differences in the pattern of circadian 
variation in infarct size among these 
baseline characteristics were tested by 
entering interaction terms between the 
baseline characteristics and symptom 
onset time into the regression model. 
Third, multivariable mixed-effects 
regression models were constructed to 
assess if circadian variation in infarct 
size persisted after adjustment for 
confounders. In 4 models we adjusted 
for A) all baseline characteristics 
listed in Table 1, B) ischemic time, C) 
baseline characteristics and ischemic 
time, and D) baseline characteristics, 
ischemic time, and hemodynamic 
status on admission. The subgroup 
interactions found in the initial analysis 
were accounted for in the multivariable 
analyses where appropriate. In 
sensitivity analyses, the multivariable 
models were recalculated with the 
omission of body mass index (this 
variable was missing in >10% of 
patients) and application of more 
extensive eligibility criteria as reported 
in a prior study (additional exclusion 
of patients with ischemic time >6 
hours, preprocedural TIMI flow >0, 
prior myocardial infarction, prior 
coronary artery bypass grafting, and 
postprocedural TIMI flow <1).6

Finally, the impact of symptom onset 
time and infarct size on 30-day 
and 1-year mortality was tested in 
univariable Cox proportional hazards 
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models using stratification by center. 
Discriminative performance of infarct 
size in predicting mortality was 
assessed by calculating the c-statistic. 
For all analyses, statistical significance 
was set at P<0.05 (two-tailed). 
Statistical analyses were performed 
with IBM SPSS Statistics, version 20.0 
(IBM, Armonk, New York) and Stata, 
version 11.0 (StataCorp, College 
Station, Texas).

Results

From January 2004 through December 
2010, 7252 consecutive patients with 
STEMI underwent primary PCI. After 
exclusion of patients with missing 

symptom onset time (n=282) and 
missing infarct size (n=171), the total 
study population consisted of 6799 
patients (94%) of which 2908 patients 
from Groningen and 3891 patients 
from Zwolle. In the overall study 
population, the mean age was 63±13 
years, 4943 patients (73%) were male, 
618 patients (9.2%) had a history of 
myocardial infarction, and 559 patients 
(8.3%) had a history of PCI.

Circadian variation
Our study population exhibited the 
classical circadian variation in symptom 
onset time with a low incidence of 
myocardial infarction during the night 
and a peak in symptom onset during 
the morning (P<0.001; Figure 1). 

Figure 1. Circadian variation in symptom onset time (gray bars) and infarct size (black line with 
dashed 95% confidence interval). The vertical dashed lines demonstrate how symptom onset was 
broken down into night, daytime, and evening categories for the descriptive analysis.
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Table 2. Delay and inhospital parameters by symptom onset time
Symptom onset time

P00:00-08:00 08:00-16:00 16:00-00:00

 (n=1751) (n=3198) (n=1850)

Hemodynamic parameters on admission
Systolic blood pressure (mmHg) 131 ± 26 129 ± 26 131 ± 27 0.046
Systolic blood pressure <90 mmHg 53 (3.4) 138 (4.8) 85 (5.1) 0.035
Diastolic blood pressure (mmHg) 78 ± 16 76 ± 16 78 ± 16 0.008
Heart rate (bpm) 75 ± 18 76 ± 18 78 ± 20 <0.001
Heart rate >100 bpm 120 (7.7) 223 (7.7) 175 (11) 0.002

Symptom onset to door time (min)* 170 (110-290) 137 (94-210) 135 (94-210) <0.001
Door-to-balloon time (min)* 40 (27-63) 41 (27-64) 37 (26-55) <0.001
Ischemic time (min) 220 (160-340) 185 (139-264) 180 (134-254) <0.001
Postprocedural TIMI 3 flow 1534 (89) 2786 (88) 1619 (88) 0.723
Values are mean ± standard deviation, n (%), or median (interquartile range). TIMI, Thrombolysis In 
Myocardial Infarction
*Door time reflects time of arrival at the PCI-capable center.

Circadian variation was also seen 
in infarct size (P=0.001; Figure 1). 
Infarct size was largest for patients 
with symptom onset around 03:00 at 
night (estimated peak CK 1322 U/l; 
95%CI 1217-1436) and smallest for 
patients with symptom onset around 
11:00 in the morning (estimated peak 
CK 1071 U/l; 95%CI 1001-1146), 
thus representing a relative reduction 
in infarct size of 19% between peak 
and nadir levels. As described earlier, 
symptom onset time was broken 
down into 3 groups (Figure 1): night 
(00:00-08:00), daytime (08:00-16:00), 
and evening (16:00-00:00). Baseline 
characteristics by group are shown in 
Table 1. Patients with symptom onset 
during the daytime were slightly older 
(64±12) as compared with patients with 
symptom onset at night (63±13) and 
in the evening (62±13; P<0.001). The 
proportion of smokers was lowest in 
patients with symptom onset during the 

daytime (43%) and higher in patients 
with symptom onset at night (47%) and 
in the evening (49%; P<0.001).
Patients with symptom onset at 
night had a markedly longer median 
symptom onset to door time (170 
minutes) as compared with patients 
with symptom onset during the 
daytime (137 minutes) and evening 
(135 minutes; P<0.001; Table 2). 
While differences in door-to-balloon 
time were statistically significant, the 
absolute difference in median door-
to-balloon time was only 4 minutes 
(night 40 minutes; daytime 41 minutes; 
evening 37 minutes; P<0.001). There 
was a clear and significant circadian 
variation in ischemic time (P<0.001; 
Figure 2). Ischemic time was longest 
in patients with symptom onset around 
03:00 at night (estimate 246 minutes; 
95%CI 230-262) and shortest in 
patients with symptom onset around 
18:00 (178 minutes; 95%CI 167-189), 
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Table 3. Independent predictors of infarct size
 Estimate (95% CI) P Pinteraction*
Model A: adjusted for baseline characteristics†

Symptom onset time – 0.004
Prior myocardial infarction –17% (–29; –4.7) 0.009 0.003
Prior PCI –23% (–34; –11) <0.001 0.397

Model B: adjusted for ischemic time
Symptom onset time – 0.015
Ischemic time (per doubling) +13% (+8.4; +18) <0.001

Model C: adjusted for baseline characteristics† and ischemic time
Symptom onset time – 0.014
Prior myocardial infarction –19% (–30; –6.0) 0.005 0.003
Prior PCI –21% (–32; –8.6) 0.002 0.602
Ischemic time (per doubling) +11% (+6.0; +16) <0.001

Model D: adjusted for baseline characteristics†, ischemic time, and hemodynamic status on 
admission

Symptom onset time – 0.007
Prior myocardial infarction –19% (–30; –5.8) 0.006 0.003
Prior PCI –21% (–31; –8.0) 0.002 0.535
Ischemic time (per doubling) +10% (+5.3; +15) <0.001
Systolic blood pressure <90 mmHg +40% (+18; +67) <0.001
Heart rate >100 bpm +20% (+6.9; +35) 0.002

CI, confidence interval; PCI, percutaneous coronary intervention
*P value for interaction with symptom onset time; †All variables listed in Table 1, accounting for the 
interactions with prior myocardial infarction and prior percutaneous coronary intervention

representing a relative reduction of 
28%. Thus, circadian variation in 
ischemic time resembled the circadian 
pattern in infarct size with regard to 
time of peak risk, but not nadir risk 
(Figure 2). Postprocedural TIMI flow 
was similar across symptom onset 
time groups.

Subgroups
In univariable analysis, both prior 
myocardial infarction (–24%; 95%CI 
–31, –16; P<0.001) and prior PCI 
(–22%; 95%CI –30, –13; P<0.001) 
were associated with smaller infarct 
size (Table 1). The strongest predictor 
of infarct size appeared to be 

preprocedural TIMI 0 flow (+131%; 
95%CI +119, +144; P<0.001). To test 
if the pattern of circadian variation in 
infarct size was different in subgroups, 
interaction terms between the baseline 
characteristics and symptom onset 
time (on a continuous scale) were 
entered into the regression model 
with infarct size as dependent variable 
(Table 1). This analysis demonstrated 
that circadian variation in infarct size 
was only different in patients with prior 
myocardial infarction (Pinteraction<0.001; 
Figure 3A) and prior PCI 
(Pinteraction=0.006; Figure 3B). In those 
subgroups of patients, infarct size 
followed a remarkable inverse pattern 
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Figure 2. Circadian variation in ischemic time 
and infarct size. The dashed lines represent the 
95% confidence interval.

with smaller infarct size for symptom 
onset at night and larger infarct size 
during the day and evening. Circadian 
variation in infarct size did not differ by 
center (Pinteraction=0.379).

Multivariable analysis
To test whether circadian variation 
in infarct size persisted after 
adjustment for potential confounders, 
multivariable analysis was performed 
(Table 3). The association between 
symptom onset time and infarct 
size persisted after adjustment for 
baseline characteristics (P=0.004; 
Pinteraction=0.003 with prior myocardial 
infarction; Pinteraction=0.397 with prior 
PCI; Model A). Although ischemic time 
was a strong independent predictor of 
infarct size (+11% per doubling; 95%CI 
+6.0, +16; P<0.001), symptom onset 
time remained associated with infarct 
size after adjustment for baseline 
characteristics and ischemic time 
(P=0.014; Pinteraction=0.003 with prior 
myocardial infarction; Pinteraction=0.602 
with prior PCI; Model C). Addition 

of systolic blood pressure and heart 
rate to the model did not mitigate the 
association between symptom onset 
time and infarct size either (Model D). Of 
note, the interaction between symptom 
onset time and prior PCI did not persist 
in the multivariable models. Sensitivity 
analyses yielded similar results.

Clinical outcome
Absolute mortality was 279 patients 
at 30 days and 449 patients at 1 
year. Thirty-day mortality was 2.9% in 
patients with symptom onset at night, 
4.3% in patients with symptom onset 
during the daytime, and 4.9% in patients 
with symptom onset during the evening. 
This relation was statistically significant 
on a continuous scale (P=0.028; Figure 
4A). At 1-year follow-up, mortality rates 
were 5.3% for symptom onset at night, 
7.1% for symptom onset during the 
daytime, and 7.0% for symptom onset 
during the evening. This represented 
a non-significant circadian variation 
(P=0.081; Figure 4B). Infarct size 
was closely associated with both 30-
day mortality (hazard ratio 1.29 per 
doubling of peak CK; 95%CI 1.19-1.39; 
P<0.001) as well as 1-year mortality 
(hazard ratio 1.14 per doubling of 
peak CK; 95%CI 1.08-1.21; P<0.001). 
However, the predictive value of infarct 
size as a single variable was only 
modest with regard to 30-day mortality 
(c-statistic 0.624; 95%CI 0.584-0.664) 
and 1-year mortality (c-statistic 0.575; 
95%CI 0.543-0.606).
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Figure 3. Differing patterns of circadian variation in infarct size. Circadian variation in infarct size was 
significantly different in patients with prior myocardial infarction (A) and prior PCI (B). The dashed 
lines represent the 95% confidence interval.

Discussion

We analyzed the clinical impact and 
independent association between 
symptom onset time and enzymatic 
infarct size in consecutive STEMI 
patients undergoing primary PCI at 
2 high-volume centers. To the best 
of our knowledge, our study is larger 
than all prior studies on this topic 
combined5-9 and is the first to report 
on subgroups and clinical outcome 
beyond 30 days. We found substantial 
circadian variation in infarct size that 

persisted after adjustment for baseline 
characteristics, ischemic time, and 
even hemodynamic parameters on 
admission. Infarct size was largest in 
patients with symptom onset at night 
and smallest during the morning. A 
different circadian pattern was seen 
in patients with prior myocardial 
infarction. These patients had smaller 
infarct size at night and larger infarct 
size during the daytime and evening. 
Despite its association with infarct 
size, symptom onset time was not a 
significant predictor of 1-year mortality.
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Figure 4. Circadian variation in 30-day mortality 
(A) and 1-year mortality (B). The dashed lines 
represent the 95% confidence interval.

The circadian pattern with largest 
infarct size at night and smallest infarct 
size in the morning we observed is 
similar to that reported in the studies 
by Reiter6 and Fournier.7 In the study 
by Suárez-Barrientos, however, a 
biphasic pattern was reported with 
smallest infarct size around midnight 
and 15:00.5 Arroyo and co-workers 
reported on larger infarct size between 
00:00 and 12:00 as compared with 
12:00-24:00.8 Ammirati et al. failed 
to confirm circadian variation in 
their population.9 These studies 
have been criticized on a number 
of points,16-18 including single center 
design,5-8 dichotomization or use of a 

simple sine function to model circadian 
variation,6,8,9 lack of multivariable 
adjustment for both baseline 
characteristics and ischemic time,6,7,9 
use of extensive exclusion criteria,6,9 
and inclusion of patients treated with 
PCI as well as thrombolysis.5 Our study 
design allowed us to overcome these 
limitations by using a large multicenter 
registry of patients routinely treated 
with primary PCI and application of 
minimal exclusion criteria.
Adjustment for baseline characteristics 
and ischemic time is important in the 
context of circadian variation in infarct 
size, since baseline characteristics 
are also subjected to circadian 
variation.2,3,11 Prehospital delay,3,12,19 
in-hospital delay,12,20 and total ischemic 
time2,5 are all known to exhibit circadian 
variation with the longest delays 
usually occurring at night. This will 
impact infarct size, as prior prospective 
and retrospective studies have clearly 
linked ischemic time to enzymatic 
infarct size21 as well as infarct size 
measured by magnetic resonance 
imaging22 and single-photon emission 
computed tomography (SPECT).23

In our study, the circadian variation 
in infarct size persisted after 
adjustment for baseline characteristics 
and ischemic time. This finding 
lends support to the hypothesis of 
circadian dependence of endogenous 
myocardial tolerance to ischemia/
reperfusion injury.24 In addition to 
the central circadian clock located in 
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the suprachiasmatic nucleus of the 
hypothalamus, peripheral molecular 
clocks have been identified in numerous 
tissues including the human heart.25 
These peripheral circadian clocks are 
synchronized by the central circadian 
clock and are thought to be implicated 
in circadian regulation of cellular 
function. Indeed, approximately 8% 
of cardiac gene expression was found 
to be subjected to circadian variation 
in a key animal study.26 Although it 
is likely that endogenous circadian 
clocks help to match physiological and 
metabolic processes with the differing 
requirements during the day- and 
nighttime, evidence is emerging that 
they may also play a role in disease 
pathogenesis. In a rodent model of 
myocardial infarction, it was shown 
that infarct size was 3.5 times greater if 
induced at the sleep-to-wake transition 
as compared with the wake-to sleep 
transition.10 This pattern was not seen 
in mice that were genetically modified 
to lack the cardiomyocyte circadian 
clock. Two proteins that have been 
implicated in mitochondrial permeability 
and cell death in response to stress 
(such as ischemia/reperfusion injury) 
were identified as possible molecular 
mediators: glycogen synthase kinase-
3β (GSK-3β) and v-akt murine 
thymoma viral oncogene (Akt).
Patients with a history of myocardial 
infarction had smaller infarct size, 
possibly due to prior loss of myocardium 
or pre-existing collateral circulation.27 

Interestingly, an inverse pattern of 
circadian variation in infarct size was 
observed in these patients. A possible 
explanation for the different circadian 
pattern in infarct size is that patients 
with prior coronary artery disease are 
more likely to use beta-blockers and 
aspirin. Both of these classes of drugs 
are known to potentially alter circadian 
variation in the onset of myocardial 
infarction and may also impact the 
circadian variation in infarct size.28,29 
An alternative explanation is that 
the endogenous circadian variation 
in myocardial ischemic tolerance is 
altered in patients with prior coronary 
artery disease. This hypothesis is 
supported by the observation that 
ischemia alters myocardial molecular 
circadian clock function in a rat model.30

Although we found clear circadian 
variation in infarct size, symptom 
onset time did not significantly predict 
1-year mortality. We did find circadian 
variation in 30-day mortality, but the 
pattern differed from the circadian 
variation in infarct size with lower 
mortality during the night and higher 
mortality during the morning and 
evening. A similar mortality pattern has 
been noted in another recent study.2 
Previously, our group presented an 
in-depth analysis of these circadian 
mortality patterns.31 At night, 
myocardial infarction is a relatively 
infrequent event since sympathetic 
tone is lower, resulting in lower levels 
of circulating catecholamines and a 
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lower blood pressure and heart rate.4 In 
addition, thrombogenicity and cortisol 
levels are lower during the night. 
These factors may favorably impact 
mortality in patients that do experience 
myocardial infarction at night despite 
their larger infarct size. In this regard, it 
is important to highlight our finding that 
infarct size as a single variable provides 
only modest discriminatory capacity 
in predicting early and intermediate 
death. Therefore, it may well be that the 
19% circadian variation in infarct size 
we observed in our study is too subtle 
to translate into a similar circadian 
mortality pattern (also considering the 
low mortality rates). With a hazardous 
period at night and a beneficial period 
during the morning, circadian variation 
in infarct size seems to be “out of 
phase” with the previously mentioned 
circadian variation in hemodynamic, 
hormonal, and thrombogenic factors, 
thereby further obscuring its impact 
on mortality. Finally, survivor bias may 
also play a role as unstable high-risk 
patients with symptom onset during 
the day may have a better chance of 
reaching the hospital and undergoing 
primary PCI in the first place.

Limitations
Several limitations of our study should 
be considered. Inherent to our study 
design, we cannot fully exclude the 
possibility of residual confounding by 
unmeasured factors such as operator 
skills and fatigue and variations in 

staffing levels of physicians and nurses. 
However, epicardial reperfusion as 
measured by postprocedural TIMI flow 
was similar throughout the day. No data 
were available on medical treatment of 
patients. While we were able to report 
on ischemic time and time of arrival at 
the PCI-capable center was available 
in most patients, unavailability of time 
of first medical contact limited optimal 
discrimination between patient delay 
and system delay. Similarly, no specific 
data were available on the race of the 
included patients, although we expect 
the vast majority to be of the Caucasian 
race. Furthermore, we used peak CK 
to measure infarct size. This approach 
is less accurate than measurement of 
infarct size using imaging modalities 
such as SPECT. Nonetheless, peak 
CK is a well-validated measure of 
infarct size13,14 that has shown to 
outperform many other biochemical 
measures of infarct size in a study that 
used SPECT-determined infarct size 
as the gold standard.13 Moreover, peak 
CK has also been used in most of the 
previous studies that have reported on 
circadian variation in infarct size, thus 
facilitating direct comparison.5-7,9

Conclusions

In the present observational multicenter 
study in consecutive STEMI patients 
undergoing primary PCI, we found 
substantial circadian variation in infarct 
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size that was independent of baseline 
characteristics and ischemic time. An 
inverse pattern was seen in patients 
with prior myocardial infarction. Our 
study strengthens the emerging 
concept of circadian dependence of 
myocardial tolerance to ischemia/
reperfusion injury, although further 
confirmation in different ethnic groups 
and in studies that use imaging 

modalities to measure infarct size is 
warranted. Further elucidation of the 
molecular mechanisms underlying 
this phenomenon may help to identify 
potential therapeutic targets to alter 
this pattern and reduce ischemia/
reperfusion injury in patients with 
STEMI. 
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Abstract

Background: Symptom onset time is an important metric in patients with ST-
elevation myocardial infarction (STEMI) but has never been formally validated. 
We performed a biochemical validation of patient-reported symptom onset time.
Methods: The Mayo Clinic Percutaneous Coronary Intervention (PCI) Registry 
was interrogated to obtain baseline, procedural, and outcome data on 607 STEMI 
patients undergoing primary PCI. Biochemical onset time was determined by 
backward extrapolation of serial rising cardiac troponin T (cTnT) measurements.
Results: Overall, biochemical onset time was earlier than patient-reported onset 
time (median -4.2 hours; interquartile range -11.1; -1.9; P<0.001); a trend that 
was especially pronounced in subgroups based on age ≥65 years, body mass 
index <28 kg/m2, no prior PCI, and preprocedural TIMI flow >0. Conventional 
ischemic time showed no association with infarct size (correlation with peak 
cTnT r=0.023; P=0.61) or 1-year mortality (hazard ratio 0.97 per doubling; 95% 
confidence interval 0.68-1.40; P=0.88). However, after recalculation of ischemic 
time with biochemical onset time, significant associations with infarct size (r=0.14; 
P=0.001) and 1-year mortality (hazard ratio 1.70 per doubling; 95% confidence 
interval 1.20-2.40; P=0.003) were found. When underestimation of ischemic time 
by patient-reported onset time increased, so did the risk of mortality.
Conclusions: Our study indicates that the actual onset of STEMI is likely to be 
earlier than patient-reported onset time and that this phenomenon is aggravated 
in certain subgroups. Recalculation of ischemic time with biochemical onset 
time greatly enhanced its prognostic value. Underestimation of ischemic time by 
patient-reported onset time occurred more often in high-risk patients.

Introduction

Patients with ST-elevation myocardial 
infarction (STEMI) require rapid 
reperfusion therapy of the infarct 
related coronary artery.1 In this 
context, patient-reported symptom 
onset time is a key metric. Symptom 
onset time is used in conjunction 

with time of treatment to determine 
the total ischemic time, which has 
been associated with myocardial 
reperfusion, infarct size, and mortality 
at short- and long-term follow-up.2-4 
In addition, symptom onset time may 
aid in selecting a reperfusion strategy 
in patients with STEMI. Observational 
studies and a recent clinical trial have 
suggested that a pharmaco-invasive 
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approach consisting of (prehospital) 
fibrinolysis with timely angiography 
may result in a superior outcome as 
compared with primary percutaneous 
coronary intervention (PCI) in STEMI 
patients presenting early (i.e. within 
3 hours of symptom onset) in whom 
delays to primary PCI are expected 
to be substantial.5-7 Similarly, current 
guidelines do not recommend 
routine reperfusion therapy in stable 
STEMI patients without clinical and 
electrocardiographic evidence of 
ongoing ischemia when time from 
symptom onset to presentation is more 
than 12 to 24 hours.1

Despite this growing importance of 
symptom onset time, prior reports 
have pointed out that reported 
symptom onset time is subjective 
information and is likely to be an 
inaccurate measure of true time of 
onset of myocardial infarction.8,9 Some 
subgroups of patients are known for 
their often atypical symptoms such as 
women, diabetics, and the elderly,10-12 
which may further jeopardize the 
accuracy of reported symptom onset 
time. Furthermore, patients may report 
an episode of angina prior to coronary 
artery occlusion as time of symptom 
onset. To the best of our knowledge, 
symptom onset time in STEMI has 
never been formally validated. In the 
present study, we validated patient-
reported symptom onset time with 
biochemical onset time, which was 
estimated using cardiac troponin T 

(cTnT) concentrations. We determined 
the accuracy of patient-reported 
symptom onset time in the overall 
population and in relevant subgroups. 
Furthermore, we assessed the 
prognostic value of ischemic time using 
reported symptom onset time versus 
ischemic time using biochemical onset 
time.

Methods

Study design
The Mayo Clinic PCI Registry was 
interrogated to obtain baseline, 
procedural, and outcome data on 
consecutive patients with STEMI 
undergoing primary PCI between 
2004 and 2012 at the Mayo Clinic, 
Rochester, Minnesota. For this registry, 
data are prospectively collected by 
experienced interventional cardiology 
data technicians. After discharge, 
follow-up is collected by a periodical 
standardized telephone survey with 
the patient. All adverse events are 
confirmed by reviewing the medical 
records of the patients followed up at 
our institution and by contacting the 
patients’ physicians and reviewing the 
hospital records of patients treated 
elsewhere. The database supervisor 
randomly audits 10% of the records 
for quality control purposes. STEMI 
was defined as symptoms suggestive 
of myocardial ischemia and an 
electrocardiogram (ECG) with either 
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new or presumed new ST-elevation or 
left bundle branch block. ST-elevation 
was defined as ≥1 mm elevation of 
ST segments in 2 or more limb leads 
or ≥2 mm in 2 or more contiguous 
precordial leads. Patients were 
included if they had at least 2 rising 
cTnT measurements within 24 hours 
of patient-reported symptom onset 
time. Furthermore, the peak cTnT 
concentration had to be at least 5 
times greater than the minimal value 
to allow for an accurate calculation 
of biochemical onset time. Exclusion 
criteria were moderate to severe renal 
disease (defined as creatinine >265 
μmol/L [>3.0 mg/dL] or on dialysis or 
previous kidney transplant), a prior PCI 
procedure within 7 days of the primary 
PCI procedure, unreported symptom 
onset time, and patient refusal to 
have their medical records reviewed 
for research. The study protocol was 
approved by the institutional review 
board.

Methods of measurement
All baseline data were documented 
upon admission. Hypertension was 
defined as a documented history or 
treatment with medication. Current 
smoking was defined as having 
smoked cigarettes within the past 
6 months. Diabetes was defined as 
a documented diagnosis requiring 
treatment with medication or diet. 
Hypercholesterolemia was defined as 
total cholesterol >6.2 mmol/L (>240 

mg/dL) or on drug therapy. Positive 
family history was defined as a family 
history of coronary heart disease at 
young age (≤55 years). Preprocedural 
shock was defined as a systolic blood 
pressure <95 mmHg or <110 mmHg on 
inotropic support. Multivessel disease 
was defined as a stenotic lesion of 
at least 50% in a vessel other than 
the culprit coronary artery. Symptom 
onset time was defined as patient-
reported date and time of onset of 
symptoms. To calculate biochemical 
onset time, serial blood levels of cTnT 
were used. cTnT levels are routinely 
measured in all STEMI patients 
following a standardized protocol 
on admission and at 3 and 6 hours 
on an electrochemiluminescence 
immunoassay (Elecsys; Roche 
Diagnostics, Indianapolis, Indiana) with 
a coefficient of variation <10% at 0.035 
ng/mL, a lower limit of detection of 0.01 
ng/mL, and a 99th percentile reference 
limit <0.01 ng/mL in accordance with 
current guidelines for the diagnosis of 
myocardial infarction.13 Treatment time 
was the date and time documented 
in the catheterization procedure note 
as the time of first device used to 
open the coronary artery including 
balloon, stent, or thrombectomy 
device. Conventional ischemic time 
was derived from reported symptom 
onset time and treatment time, while 
biochemical ischemic time was 
derived from biochemical onset time 
and treatment time. Thrombolysis 
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In Myocardial Infarction (TIMI) flow 
was scored by the operator during the 
PCI procedure. Measures of outcome 
included peak cTnT which is a validated 
measure of infarct size14 and all-cause 
mortality during hospitalization and at 
1-year follow-up. One-year follow-up 
was completed in 93% of the included 
patients.

Statistical analysis
Continuous variables were summarized 
as mean ± standard deviation or median 
and interquartile range (IQR). Discrete 
variables were presented as numbers 
and percentages. Bivariate associations 
were assessed with Spearman’s 
correlation, group differences were 
tested with the Mann–Whitney U-test, 
and differences between paired 
observations were tested with the 
Wilcoxon Signed-Rank test. To calculate 
the biochemical onset time, we adopted 
an approach as reported in a historical 
study that validated the circadian 
variation in acute myocardial infarction 
with creatine kinase MB levels.15 
Assuming a monoexponential rise of 
cTnT in STEMI patients, a regression 
line was fitted to the rising cTnT 
levels in each patient after logarithmic 
transformation of both time and cTnT. 
By using a Tobit model, cTnT levels 
below 0.01 ng/mL could be considered 
as censored data in the modeling 
process.16 Backward extrapolation of 
the regression function allowed us to 
estimate the time of initial elevation of 

Figure 1. Determination of biochemical onset 
time. After logarithmic transformation of both 
axes, a regression line was fitted to the rising 
cardiac troponin T (cTnT) values in each 
patient. Extrapolation of this line allowed 
estimation of the time of first cTnT elevation. 
Finally, a constant factor (C) was added to 
account for time between coronary occlusion 
and first cTnT elevation.

cTnT (defined as cTnT=0.01 ng/mL). 
We then subtracted a predefined 
constant term from this time point, to 
account for the time between coronary 
occlusion and initial elevation of cTnT 
(Figure 1). Based on prior preclinical 
and clinical studies, we chose a 
constant term of 4 hours for all 
patients.17-19 Reported symptom onset 
time was compared with biochemical 
onset time in the overall population 
and in prespecified subgroups 
based on age (≥65 years), gender, 
body mass index ([BMI], above the 
median), hypertension, diabetes, 
hypercholesterolemia, current 
smoking, positive family history, 
prior myocardial infarction, prior PCI, 
prior coronary artery bypass grafting 
(CABG), reported symptom onset 
at night (midnight through 05:59), 
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Table 1. Baseline, procedural, and outcome data

 Included 
patients

Excluded 
patients P

 (n=607) (n=1202)
Baseline

Age (years) 62.6 ± 13.4 64.0 ± 13.7 0.036
Female gender 140 (23) 355 (30) 0.004
Body mass index (kg/m²) 28.9 ± 5.3 29.1 ± 6.1 0.44
Hypertension 347 (62) 791 (69) 0.004
Diabetes mellitus 101 (17) 210 (18) 0.68
Hypercholesterolemia 372 (69) 755 (68) 0.61
Smoking status 0.52
Current 195 (33) 412 (35)
Former 199 (34) 391 (33)
Never 197 (33) 385 (32)

Family history <0.001
Positive 154 (25) 253 (21)
Negative 260 (43) 673 (56)
Unknown 193 (32) 276 (23)
Prior myocardial infarction 96 (16) 206 (17) 0.47
Prior PCI 115 (19) 268 (22) 0.10
Prior CABG 32 (5) 79 (7) 0.29

Congestive heart failure 0.14
Current 46 (8) 110 (9)
Prior 8 (1) 24 (2)
Never 543 (91) 1044 (89)
Preprocedural shock 74 (12) 129 (11) 0.34
Conventional ischemic time (hours) 3.7 (2.4-6.1) 4.8 (2.7-

10.1) <0.001 
Procedural
Multivessel disease 392 (65) 779 (66) 0.67
Preprocedural TIMI 0 flow 331 (62) 562 (52) <0.001
Target coronary artery*
Left anterior descending 208 (34) 522 (44) <0.001
Right 320 (53) 486 (41) <0.001
Circumflex 87 (14) 206 (17) 0.12
Left main 0 (0) 21 (2) 0.001
Graft 16 (3) 36 (3) 0.66
Number of segments treated 1.3 ± 0.6 1.4 ± 0.6 0.71
Number of stents placed 1.2 ± 0.7 1.2 ± 0.8 0.59
Use of drug-eluting stents 424 (70) 794 (66) 0.13
Periprocedural GP IIb/IIIa use 511 (84) 983 (82) 0.20
Outcome
Postprocedural TIMI 3 flow 531 (93) 1050 (91) 0.26
Peak cardiac troponin T (ng/mL) 3.7 (1.7-7.2) 1.3 (0.1-4.4) <0.001 
Death
Inhospital 11 (1.8) 61 (5.1) <0.001
1-year 34 (5.7) 119 (10) <0.001
Values are mean ± standard deviation, n (%), or median (interquartile range)
*sum is >100% due to multivessel procedures
CABG, coronary artery bypass grafting; GP, glycoprotein; PCI, percutaneous coronary intervention; TIMI, 
Thrombolysis In Myocardial Infarction
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congestive heart failure on admission, 
preprocedural shock, multivessel 
disease, and preprocedural TIMI flow 
(>0). After logarithmic transformation 
of ischemic time, we used univariable 
Cox proportional hazards models 
to assess the association between 
ischemic time and 1-year mortality. 
For this analysis, ischemic time was 
calculated both with reported symptom 
onset time and biochemical onset time. 
In sensitivity analyses, the study results 
were recalculated after exclusion of 
1) patients with postprocedural TIMI 
flow <3 and 2) patients with only 2 
cTnT measurements when one of 
these measurements was <0.01 ng/
mL. All statistical analyses were 
performed using SAS version 9.3 (SAS 
Institute Inc., Cary, North Carolina) 
and statistical significance was set at 
P<0.05 (two-tailed).

Results

There were 1809 eligible primary PCI 
cases in patients with STEMI between 
January 1, 2004 and December 31, 
2012. Of these, we excluded 1174 
patients in whom cTnT measurements 
were not suitable for biochemical 
onset time calculation, 15 patients 
who had had a prior PCI procedure 
within the last 7 days, and 13 patients 
with moderate to severe renal failure 
(Figure 2). Thus, 607 STEMI patients 
were included in the present analysis. 
Baseline and procedural characteristics 
of the included and excluded patients 

are listed in Table 1. Among included 
patients, the mean age was 62.6 
years, 23% were female, and mean 
BMI was 28.9 kg/m2. The rate of 
current smokers was 33%, diabetes 
was present in 17% of patients, and 
19% of patients had a history of 
PCI. Upon coronary angiography, 
TIMI 0 flow was found in 62% of 
patients and multivessel disease in 
65%. The average number of cTnT 
measurements was 3.2 of which an 
average of 2.7 measurements was 
rising.
Patients excluded from this study were 
more likely to be female, had higher 
rates of hypertension and longer 
ischemic time, but were less likely to 
have a positive family history (Table 
1). Preprocedural TIMI 0 flow was 

Figure 2. Study design and participants. cTnT, 
cardiac troponin T; PCI, percutaneous coronary 
intervention; STEMI, ST-elevation myocardial 
infarction.
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less often found in excluded patients. 
Treatment was similar in excluded 
patients, except for less right coronary 
artery interventions at the expense of 
more left anterior descending artery 
interventions. Mortality was higher 
among excluded patients.

Reported onset time versus 
biochemical onset time
Overall, biochemical onset time tended 
to be earlier than reported symptom 
onset time with a median difference of 
-4.2 hours (IQR -11.1 to -1.9; P<0.001; 
Figure 3). Of note, this indicated that 
median reported symptom onset time 
was 12 minutes later than the estimated 
time of first cTnT elevation. Subgroup 
differences are shown in Figure 4. 
As compared with the reference 
population, biochemical onset time 

was especially earlier than reported 
symptom onset time in patients aged 
≥65 years (median -4.8 hours; IQR 
-13.4 to -2.2; P=0.001), patients 
with a BMI <28 (median -4.7 hours; 
IQR -12.9 to -2.1; P=0.006), patients 
without a history of PCI (median 
-4.3; IQR -11.1 to 2.2; P=0.038), and 
patients with a preprocedural TIMI flow 
>0 (median -5.5; IQR -15.3 to -2.0; 
P=0.001). There were trends towards 
earlier biochemical onset in non-
smokers (P=0.059) and patients with 
preprocedural shock (P=0.083). No 
differences were seen in subgroups 
based on gender, diabetes, or reported 
symptom onset at night.

Relation with ischemic time
When calculated using reported 
symptom onset time, median 

Figure 3. Distribution of the difference between biochemical onset time and reported symptom onset 
time. Median biochemical onset time was 4.2 hours earlier than reported onset time (IQR 1.9 to 11.1; 
P<0.001). The line shows the estimated density function using a kernel estimator.
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Figure 4. Subgroup differences in biochemical onset time relative to patient-reported symptom onset 
time. CABG, coronary artery bypass grafting; CHF, congestive heart failure; MI, myocardial infarction; 
PCI, percutaneous coronary intervention; TIMI, Thrombolysis In Myocardial Infarction.
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conventional ischemic time was 3.7 
hours (IQR 2.4 to 6.1). Recalculation by 
using biochemical onset time, resulted 
in a median biochemical ischemic 
time of 8.6 hours (IQR 5.1 to 17.4). 
Biochemical ischemic time tended to 
be longer than conventional ischemic 
time, although the two measures 
showed good agreement in patients 
with ischemic times >12 hours (overall 
correlation r=0.39; P<0.001; Figure 5).

Relation with outcome
To verify the internal validity of 
biochemical onset time and compare 
the prognostic value of conventional 
ischemic time and biochemical 
ischemic time, their relation with 
biochemical infarct size and mortality 
was assessed. Overall, median peak 
cTnT was 3.7 ng/mL (IQR 1.7 to 7.2). 
While conventional ischemic time did 

not correlate with peak cTnT (r=0.023; 
P=0.61; Figure 6A), there was a highly 
significant positive correlation between 
biochemical ischemic time and peak 
cTnT (r=0.14; P=0.001; Figure 6B).
At follow-up, inhospital mortality was 
1.8% and 1-year mortality was 5.7% 
(Table 1). No association was found 
between conventional ischemic time 
and 1-year mortality (hazard ratio 
0.97 per doubling; 95% confidence 
interval [CI] 0.68-1.40; P=0.88). In 
contrast, longer biochemical ischemic 
time was predictive of 1-year mortality 
(hazard ratio 1.70 per doubling; 
95%CI 1.20-2.40; P=0.003). To gain 
further insight into this pattern, we 
also assessed the predictive value 
of the ratio of biochemical ischemic 
time over conventional ischemic time. 
An increase of this ratio was also 
predictive of 1-year mortality (hazard 

Figure 5. Correlation between conventional ischemic time and biochemical ischemic time (r=0.39; 
P<0.001). The line represents a spline smoother to help visualize the trend.
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ratio 1.60 per doubling; 95%CI 1.18-
2.18; P=0.003), indicating that shorter 
conventional ischemic time relative to 
biochemical ischemic time was more 
common in patients at higher risk of 
1-year mortality.

Sensitivity analyses
To assess the impact of completeness 
of epicardial reperfusion on our 
results, we excluded patients with 
postprocedural TIMI flow <3 (n=76) in 
a sensitivity analysis. In the remaining 
531 patients, the difference between 
biochemical onset time and reported 
symptom onset time was similar to the 
overall population (median -4.1 hours; 
IQR -10.6 to -2.0; P<0.001), and 
biochemical ischemic time remained 
associated with infarct size (correlation 
with peak cTnT r=0.12; P=0.013) and 
1-year mortality (hazard ratio 1.59 per 
doubling; 95%CI 1.06-2.39; P=0.025). 
Thus, this analysis argued against a 
significant bias in the modeling process 

due to cTnT washout after reperfusion. 
In a second sensitivity analysis, patients 
with only 2 cTnT measurements were 
excluded when the first measurement 
was <0.01 ng/mL (n=85). This 
represented the group of patients with 
the most scarce data to model cTnT 
and the Tobit model showed a slight 
bias towards later biochemical onset 
time in these patients. The median 
difference between biochemical onset 
time and reported symptom onset time 
was greater in the remaining patients 
(n=522; median -5.5 hours; IQR -12.4 
to -2.2; P<0.001). The correlation 
between biochemical ischemic time and 
infarct size was weaker in this subset 
(correlation with peak cTnT r=0.08; 
P=0.081), although performance was 
still better than conventional ischemic 
time. The association between 
biochemical ischemic time and 1-year 
mortality also persisted in this subset 
(hazard ratio 1.50 per doubling; 95%CI 
1.05-2.16; P=0.027).

Figure 6. Correlation between ischemic time and biochemical infarct size as assessed by peak 
cardiac troponin T. Panel A. correlation between conventional ischemic time and infarct size 
(r=0.023; P=0.61) and Panel B. correlation between biochemical ischemic time and infarct size 
(r=0.14; P=0.001). The line represents a spline smoother to help visualize the trend.

A. B.
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Discussion 

To the best of our knowledge, we are 
the first to validate symptom onset 
time in patients with STEMI. Patient-
reported symptom onset time was 
compared with biochemical onset time, 
which was derived from serial cTnT 
measurements. We found that reported 
symptom onset time tended to be later 
than biochemical onset time and that 
this phenomenon was even more 
pronounced in the elderly, patients 
with a BMI <28, patients without 
a history of PCI, and patients with 
residual flow in the culprit artery upon 
coronary angiography. Conventional 
ischemic time – reported symptom 
onset to treatment time – did not 
correlate with infarct size and mortality. 
Conversely, biochemical ischemic time 
– biochemical onset to treatment time 
– was closely associated with infarct 
size and mortality. An increase in the 
ratio of biochemical ischemic time over 
conventional ischemic time was also 
associated with mortality, indicating 
that larger differences between these 
measures were more frequent among 
patients at higher risk of death.
While our findings are novel and 
compelling, a thorough understanding 
of the methodology applied to determine 
biochemical onset time is crucial to the 
interpretation of our results. As shown 
in Figure 1, backward extrapolation 
of serial rising cTnT measurements 
was used to estimate the time of initial 

cTnT elevation. From this time point, 4 
hours were subtracted in all patients to 
account for the time between coronary 
occlusion and first cTnT elevation. 
This constant term was predefined 
and based on prior studies.17-19 In an 
experimental model, cardiac troponin I 
was elevated after 4 hours of balloon 
occlusion of the circumflex artery in 
pigs.17 Human studies have shown 
cardiac troponin I elevation 2 to 4 hours 
after onset of myocardial infarction in 
most patients.18,19 However, the human 
studies relied on reported symptom 
onset time and are prone to the very 
bias we tried to assess in this study. 
Thus, the choice of the constant 
remains arbitrary to some extent as 
the true time of coronary occlusion 
cannot be known. Accordingly, 
the point estimate of the median 
difference between biochemical onset 
time and reported symptom onset 
time found in our study (-4.2 hours) 
should be interpreted with caution. 
Still, regardless of the constant factor, 
the median reported symptom onset 
time in our study roughly coincided 
with the estimated time of first cTnT 
elevation, thereby representing clear 
evidence that reported symptom onset 
time is later than the actual time of 
onset of STEMI. Moreover, most of 
our analyses are not affected by the 
application of a constant factor to 
the overall population. Specifically, 
modification of the constant factor 
would only have a marginal impact on 
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the mortality analysis. 
In a sensitivity analysis, the 
association between biochemical 
ischemic time and infarct size was 
no longer significant after exclusion 
of patients with 1 cTnT measurement 
below the lower limit of detection and 1 
elevated cTnT value. While this could 
be related to the modeling of cTnT, 
other explanations are also plausible. 
Clearly, a sample size reduction 
limits statistical power to detect any 
association. More importantly, patients 
with initially undetectable cTnT values 
are likely to be early presenters and 
generally have a favorable outcome.20 
Selective exclusion of these patients 
may compromise the association 
between ischemic time and outcome.
We found greater deviation between 
reported symptom onset time and 
biochemical onset time in elderly 
patients. This finding is consistent 
with prior studies, showing that 
elderly patients with acute myocardial 
infarction more often present 
with atypical symptoms such as 
dyspnea and faintness.10 In addition, 
remembrance of time of onset may 
be less accurate in elderly patients. 
Reported symptom onset time also 
tended to be later than biochemical 
onset time in patients with TIMI flow 
>0 upon coronary angiography. 
This group of patients may suffer 
a “stuttering myocardial infarction” 
where transient episodes of (sub)total 
coronary occlusion are accompanied 

by waxing and waning of ischemic 
symptoms, thereby complicating 
determination of actual time of onset 
of symptoms.21 Furthermore, reported 
symptom onset time was later than 
could be expected from biochemical 
onset time in patients with a lower 
BMI and patients without a history of 
PCI procedures. These patients have 
not been identified as subgroups with 
an atypical symptom presentation 
in previous studies. A possible 
explanation is that these patients were 
not made aware of the symptoms 
associated with myocardial infarction 
by their physicians due to their lower 
risk of cardiovascular events. Hence, 
they may not have attributed the initial 
symptoms as being cardiac. In this 
context, however, it should also be 
stressed that atypical symptoms such 
as dyspnea and nausea – although 
harder to attribute as cardiac – do 
not necessarily preclude adequate 
recollection of onset time. This may 
explain why we did not find differences 
in other subgroups known for their 
atypical symptom presentation such 
as women and diabetics.10-12

The pathophysiological importance 
of total ischemic time in patients with 
STEMI is well recognized.22 However, 
some prior studies in patients 
undergoing primary PCI have failed to 
show associations between ischemic 
time and infarct size, myocardial 
salvage index, left ventricular ejection 
fraction, and mortality.8,9 Remarkably, 
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associations with these measures of 
outcome could be demonstrated when 
ischemic time was replaced with a more 
objective measure such as system 
delay. Our findings help to explain 
these observations, by showing that 
the prognostic value of ischemic time 
was greatly enhanced when it was 
systematically determined in a manner 
that was less prone to bias than the 
use of reported symptom onset time. 
Importantly, reported symptom onset 
time tended to underestimate ischemic 
time to a greater extent in patients at 
higher risk of mortality, thereby further 
obscuring the association between 
ischemic time and clinical outcome.
The retrospective methodology we 
applied to determine biochemical 
onset time limits its applicability for 
reperfusion strategy selection in clinical 
practice. Nonetheless, clinicians should 
be aware that reported symptom onset 
time is typically later than the actual 
time of onset of STEMI, especially in 
the subgroups identified in this study 
and in high-risk patients. Our results 
suggest that other readily available 
measures that reflect time from onset 
of STEMI should also be considered 
when selecting a reperfusion strategy, 
such as the presence of Q waves on 
the baseline ECG.23,24 However, we do 
not argue against the current guideline 
recommendations to consider 
conservative management in stable 
STEMI patients without evidence of 
ongoing ischemia when symptom 

onset to presentation is more than 12 to 
24 hours, since conventional ischemic 
time correlated well with biochemical 
ischemic time in patients with ischemic 
time beyond 12 hours.1

Limitations
Several limitations of our study should 
be considered. As stated earlier, the 
most important limitation of our study 
is the fact that true time of onset of 
STEMI cannot be known and that 
there is neither a gold standard for 
onset time nor for ischemic time. 
Nonetheless, biochemical ischemic 
time greatly outperformed conventional 
ischemic time with regard to prognostic 
value, thus showing good internal 
validity. Second, biochemical onset 
time could only be reliably calculated 
in patients with sufficient and rising 
cTnT measurements. Exclusion of a 
substantial number of patients with 
inadequate cTnT measurements 
introduced some selection bias to 
our study population as outlined in 
our results. Third, it is conceivable 
that a minor plaque disruption before 
the actual STEMI-related coronary 
event already caused cTnT release, 
resulting in a too early onset time when 
determined biochemically. Similarly, 
despite exclusion of patients with renal 
failure, some of the included patients 
may still have had chronically elevated 
cTnT levels due to other conditions 
such as left ventricular hypertrophy, 
heart failure, or diabetes which could 
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also introduce a bias towards earlier 
biochemical onset time.25

Conclusions

Our study provides evidence that 
patient-reported symptom onset time 
is later than the actual time of onset 
of STEMI among patients undergoing 
primary PCI. This phenomenon is 
especially pronounced in the elderly, 
patients with a lower BMI, patients 
without a history of PCI, and patients 
with residual flow in the culprit 
artery upon coronary angiography. 
Unlike conventional ischemic time, 

biochemically determined ischemic 
time correlated well with infarct size and 
mortality. As compared with biochemical 
onset time, reported symptom onset 
time tended to underestimate ischemic 
time more in patients at higher 
risk of 1-year mortality. Our study 
shows that minimizing ischemic time 
should remain a key goal in STEMI 
care. Future studies are required to 
corroborate our findings and assess 
the association between biochemically 
determined ischemic time and infarct 
size measured by imaging modalities 
such as magnetic resonance imaging.
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Abstract

Background: For patients with ST-elevation myocardial infarction (STEMI), 
guidelines recommend prehospital triage and direct referral to a percutaneous 
coronary intervention (PCI)-capable center in order to minimize ischemic time. 
However, few have studied failed prehospital diagnosis. We assessed the 
incidence, predictors, and clinical impact of interhospital transfer for primary 
PCI after initial referral to a non-PCI-capable center due to a failed prehospital 
STEMI diagnosis.
Methods: We studied 846 consecutive STEMI patients undergoing primary PCI 
between January 2008 and January 2010.
Results: We found that 609 patients (72%) were directly admitted through 
prehospital triage and 127 patients (15%) required interhospital transfer after 
failed prehospital diagnosis. Median first medical contact to treatment time was 
88 minutes in the prehospital diagnosis group and 155 minutes in the interhospital 
transfer group (P<0.001). In the interhospital transfer group, the first available 
electrocardiogram was diagnostic for STEMI in 77% of cases. Predictors of 
interhospital transfer were female gender, diabetes, prior myocardial infarction, 
and greater event location to PCI-capable center distance. Interhospital transfer 
independently accounted for a 47% increase in ischemic time (95% confidence 
interval +33% to +63%; P<0.001). One-year mortality was higher in the 
interhospital transfer group (10% vs. 5.3%; P=0.030).
Conclusions: Despite an often diagnostic electrocardiogram, interhospital 
transfer after failed prehospital diagnosis occurred in 15% of STEMI patients 
undergoing primary PCI. Interhospital transfer was a major predictor of ischemic 
time and 1-year mortality was significantly higher. Continuing efforts to optimize 
prehospital triage are warranted, especially among patients at higher risk of 
failed prehospital diagnosis.

Introduction

In patients with ST-elevation 
myocardial infarction (STEMI), rapidly 
performed primary percutaneous 
coronary intervention (PCI) by an 
experienced team has shown to 
be a superior reperfusion strategy 

over fibrinolysis,1 even if the patient 
is initially admitted to a non-PCI-
capable center.2 As a longer time from 
symptom onset to reperfusion therapy 
(ischemic time) has been associated 
with decreased myocardial reperfusion 
and increased mortality,3,4 many 
efforts have been made in reducing it. 
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Recently published European Society 
of Cardiology (ESC) guidelines 
recommend prehospital diagnosis 
and direct referral to a PCI-capable 
center for primary PCI as the preferred 
strategy to minimize ischemic time 
in patients with STEMI.5 Whenever 
possible, non-PCI-capable centers 
should be bypassed. In addition, faster 
system performance is proposed with 
first medical contact to treatment time 
(system delay) ≤90 minutes and door-
to-balloon time ≤60 minutes. Numerous 
studies document the implementation 
of regional 12-lead electrocardiogram 
(ECG) based prehospital triage 
systems with subsequent reductions 
in door-to-balloon time and ischemic 
time.6-9 However, the proportion of 
STEMI patients diagnosed by these 
prehospital triage systems is often 
unclear. Thus, little is known about 
the occurrence and clinical impact 
of a failed prehospital diagnosis in 
a fully operational prehospital triage 
system. Our primary purpose was to 
study the incidence and predictors 
of interhospital transfer for primary 
PCI after initial referral to a non-
PCI-capable center due to failure of 
prehospital STEMI diagnosis and 
asses its impact on delay to reperfusion 
and mortality. Furthermore, we studied 
ECG characteristics of STEMI patients 
undergoing interhospital transfer due 
to failed prehospital diagnosis.
 

Methods

Study design and population
We currently studied the incidence, 
predictors, and clinical impact of 
interhospital transfer due to failed 
prehospital diagnosis. Failed 
prehospital diagnosis was defined as 
failure to activate the prehospital triage 
protocol for STEMI and initial referral 
of a STEMI patient to a non-PCI-
capable center, despite the regional 
agreement with emergency medical 
services (EMS) and referral centers 
and to directly refer STEMI patients for 
primary PCI. All consecutive patients 
with suspected STEMI undergoing 
acute coronary angiography between 
January 1, 2008 and January 1, 2010 
were considered for this analysis. 
Among this group, we selected patients 
with STEMI who had undergone 
prehospital triage for primary PCI 
(prehospital diagnosis group) and 
patients with a failed prehospital 
diagnosis of STEMI and subsequent 
interhospital transfer for primary PCI 
(interhospital transfer group). STEMI 
was defined as chest pain suggestive 
of myocardial ischemia, time from 
onset of symptoms of less than 12 
hours, and an ECG diagnostic for 
STEMI with new or presumed-new 
ST-segment elevation in 2 or more 
contiguous leads of ≥0.2 mV in leads 
V2-V3 and/or ≥0.1 mV in other leads or 
left bundle branch block. Primary PCI 
was the preferred reperfusion strategy 
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for all patients and fibrinolytics were 
never administered. Importantly, we 
excluded all self-referrals, since these 
patients could not have been diagnosed 
in the prehospital setting. We also 
excluded patients on mechanical 
ventilation, as this may had been a 
reason for an intermediate admission 
to the nearest non-PCI-capable center 
despite a diagnosis of STEMI. Finally, 
we excluded patients admitted to our 
emergency department (ED) and 
patients with onset of STEMI during 
hospitalization for other conditions.

Setting
This study was conducted at the 
University Medical Center Groningen, 
The Netherlands. With 5 non-PCI-
capable referral hospitals, this center 
provides 24/7 emergency care in a 
region with 750,000 inhabitants. It is the 
only PCI-capable center in this region 
and provides on-site cardiothoracic 
surgical support. Our EMS consists of 
ambulances staffed by a driver trained 
at a paramedic level and a nurse 
trained at an intensive care level who 
is experienced in ECG interpretation. 
In rare occasions, a helicopter staffed 
by an anaesthesiologist, a nurse, and 
a pilot is used for complex situations 
or remote locations. As a national 
benchmark, EMS are required to 
arrive at the scene within 15 minutes 
of activation.

Prehospital triage route
In the prehospital setting, EMS staff 
performed a 12-lead ECG in all patients 
presenting with symptoms suggestive 
of acute myocardial infarction. A 
computerized algorithm aided EMS 
nursing staff in their assessment 
of whether the patient was likely to 
have a STEMI. Subsequent activation 
of the prehospital triage protocol 
by contacting the coronary care 
unit (CCU) of our center was at the 
discretion of the EMS nurse. In case of 
an unclear diagnosis, the EMS nurse 
was allowed to contact the cardiologist 
on duty and send the ECG by fax. 
Once the prehospital triage protocol 
was activated, near non-PCI-capable 
centers and the ED of our center were 
bypassed. The patient was transported 
directly to the catheterization laboratory 
or, less frequently, to the CCU if the 
catheterization laboratory was not yet 
available. A bed at the CCU was kept 
available at all times for emergency 
procedures. During transportation, 
the EMS nurse notified the CCU of 
the oncoming arrival of a STEMI 
patient and provided the CCU with the 
patient’s data and estimated time of 
arrival. Antiplatelet and antithrombin 
therapy were usually started in the 
ambulance and consisted of aspirin 
(500 mg), heparin (5000 IU), and 
clopidogrel (600 mg), administered 
by the EMS nurse. During regular 
hours, the catheterization team was 
present in our center and could be 
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activated by the CCU using a pager 
system. During off-hours, the CCU 
activated the catheterization team by 
having the central phone operator call 
the catheterization team on duty. The 
catheterization laboratory kept a room 
ready and equipped during off-hours. 
The above prehospital triage protocol 
was the preferred route of admission 
for patients with STEMI. After its 
implementation in January 2004, it 
was followed by all EMS within a range 
of 90 minutes of our center.

Interhospital transfer route
Interhospital transfer for primary 
PCI was required in case of a failed 
prehospital diagnosis of STEMI 
and referral to a non-PCI-capable 
center by EMS. Furthermore, EMS 
staff may refer patients requiring 
mechanical ventilation to the closest 
center for initial stabilization, despite 
a prehospital diagnosis of STEMI. 
These patients were transferred for 
primary PCI after stabilization. All 5 
referral centers were within a range 
of 60 kilometers and patients were 
transferred by ambulance. All patients 
with STEMI were transferred to our 
center for primary PCI and aspirin (500 
mg), heparin (5000 IU), and clopidogrel 
(600 mg) were usually started at the 
referral center.

Methods of measurement
Baseline and procedural measures of 
all patients undergoing primary PCI 
were documented upon admission 

and were prospectively collected 
in a dedicated database. For the 
interhospital transfer group, the first 
available ECG was collected by audits 
to the referring centers and assessed 
by an experienced cardiologist (BJS) 
blinded to other patient data. EMS 
time intervals and geographical 
event location were obtained from 
EMS registries. Time of first medical 
contact was defined as EMS arrival 
at the scene. The time of EMS arrival 
at the first center was deemed the 
‘door’ time. For patients undergoing 
interhospital transfer, door-in to door-
out time was defined as the interval 
between arrival and departure at the 
non-PCI-capable center. System delay 
was defined as time of first medical 
contact to initial intracoronary therapy 
by means of thrombus aspiration or 
balloon inflation of the infarct related 
coronary artery. Ischemic time was 
defined as time from symptom onset to 
initial intracoronary therapy. Other time 
intervals were calculated accordingly. 
All time to reperfusion data were 
available in >90% of patients except 
for door-in to door-out time (87%). 
TIMI flow and myocardial blush grade 
were scored by the operator during the 
PCI procedure as previously described 
and validated.10,11 All-cause mortality 
was collected using municipal civil 
registries. These registries provide 
completeness of follow-up regarding 
mortality in >99% of patients admitted 
to our department.
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Statistical analysis
Continuous variables were summarized 
as mean ± standard deviation or 
median and interquartile range. 
Discrete variables were presented as 
counts and percentages. To compare 
groups, we used Student’s t-test 
for normally distributed continuous 
variables, Mann-Whitney U test for 
nonparametric continuous variables, 
Pearson’s χ2 test for categorical 
variables, and the linear trend test for 
ordinal variables. Time to treatment 
intervals and all-cause mortality were 
analyzed and plotted using the Kaplan-
Meier method and group differences 
were tested with the log-rank test. For 

all analyses, P<0.05 (two-tailed) was 
considered statistically significant.
A multivariable logistic regression 
model and a multivariable Cox 
proportional hazards model were fitted 
to assess independent predictors 
of interhospital transfer and 1-year 
all-cause mortality, respectively. All 
baseline characteristics listed in Table 
1 with P<0.10 in univariable analysis 
and interhospital transfer were 
considered for the models. To assess 
independent predictors of ischemic 
time a multivariable linear regression 
model was fitted. All variables listed 
in Table 1 with P<0.10 in univariable 
analysis, interhospital transfer, and 

Table 1. Baseline characteristics
Prehospital 
diagnosis

Interhospital 
transfer P

 (n=609) (n=127)  
Age (years) 65 ± 13 66 ± 13 0.287
Female 173/609 (28) 50/127 (39) 0.014
Body mass index (kg/m2) 27 ± 3.9 27 ± 4.4 0.147
Systolic blood pressure (mmHg) 128 ± 27 129 ± 28 0.706
Systolic blood pressure ≤90 mmHg 48/603 (8.0) 10/124 (8.1) 0.969
Heart rate (bpm) 77 ± 19 79 ± 18 0.197
Heart rate >100 bpm 61/600 (10) 14/124 (11) 0.709
Hypertension 243/599 (41) 59/123 (48) 0.130
Diabetes 55/606 (9.1) 22/125 (18) 0.005
Hypercholesterolemia 146/540 (27) 38/110 (35) 0.111
Current smoking 300/604 (50) 53/124 (43) 0.160
Positive family history 258/594 (43) 56/116 (48) 0.337
Prior MI 51/606 (8.4) 26/125 (21) <0.001
Prior PCI 48/606 (7.9) 13/127 (10) 0.390
Prior CABG 11/605 (1.8) 3/127 (2.4) 0.684
Prior admission to our department 101/609 (17) 25/127 (20) 0.399
Anterior MI 280/608 (46) 65/127 (51) 0.292
Event location to PCI-capable center 
distance (km) 27 (16-38) 32 (22-44) 0.004
Helicopter transport 2 (0.3) 0 (0)
Values are mean ± standard deviation, n/N (%),or median (interquartile range)
CABG, coronary artery bypass grafting; MI, myocardial infarction; PCI, percutaneous coronary 
intervention
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total distance travelled by EMS were 
considered. Ischemic time was first 
transformed logarithmically, to account 
for its skewed distribution. Parameter 
estimates and 95% confidence 
intervals (CI) were retransformed into 
meaningful units in the final model. For 
all multivariable models, a backward 
stepwise method was used. Variables 
with P<0.10 in univariable analysis 
were selected for multivariable 
analysis. Predictors remained in the 
multivariable model if P<0.05. Data 
was presented as odds ratios (OR) 
and 95% CI or hazard ratios (HR) and 
95% CI where appropriate. Statistical 
analyses were performed with SPSS, 
version 18.0.3 (SPSS Inc., Chicago, 
Illinois) and Stata, version 11.0 
(StataCorp, College Station, Texas).

Results

Study population and route of 
admission
A flowchart for our study population is 
shown in Figure 1. Between January 1, 
2008 and January 1, 2010, prehospital 
ECGs were performed in 12,555 
patients by the EMS, 1017 patients 
with suspected STEMI underwent 
acute coronary angiography, and 
846 consecutive patients with STEMI 
underwent primary PCI. Of the latter, 
609 patients (72%) were admitted 
through our prehospital triage protocol 
(prehospital diagnosis group) and 127 
patients (15%) underwent interhospital 
transfer for primary PCI after failed 
prehospital diagnosis (interhospital 
transfer group). Other STEMI 

Figure 1. Flowchart for study design and route of admission of patients. CABG, coronary artery 
bypass grafting; ED, emergency department; PPCI, primary percutaneous coronary intervention.
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patients were emergency department 
admissions (n=66; 7.8%) and self-
referrals (n=44; 5.2%). There were a 
total of 649 prehospital triage protocol 
activations of which 40 (6.2%) were 
false-positive.
Baseline characteristics of patients 
in the prehospital diagnosis group 
and interhospital transfer group are 
shown in Table 1. Patients in the 
interhospital transfer group were more 
likely to be female (39% vs. 28%; 
P=0.014), had higher rates of diabetes 
(18% vs. 9.1%; P=0.005), and prior 
myocardial infarction (21% vs. 8.4%; 
P<0.001), when compared with 
patients in the prehospital diagnosis 
group. Furthermore, patients in the 
interhospital transfer group were at 
greater median distance from the PCI-
capable center when they experienced 
their event (32 vs. 27 kilometres; 
P=0.004). Remarkably, the number 
of patients with any prior inpatient or 
outpatient admission to our department 
did not differ between the interhospital 
transfer and prehospital diagnosis 
groups (20% vs. 17%; P=0.399).

Time to treatment intervals and 
procedural characteristics
Time to treatment intervals are shown 
in Table 2. No differences were seen in 
call to first medical contact time (Figure 
2A) and median first medical contact 
to first door time was slightly shorter 
in patients in the interhospital transfer 
group (34 vs. 44 minutes; P<0.001). 

However, patients in the interhospital 
transfer group experienced additional 
delays due to door-in to door-out 
time at the non-PCI-capable center 
(median 52 minutes) and interhospital 
transportation time (median 29 
minutes). Consequently, substantially 
longer system delay (median 155 vs. 
88 minutes; P<0.001; Figure 2B) and 
door-to-balloon time (median 116 
vs. 43 minutes; P<0.001; Figure 2C) 
were seen in the interhospital transfer 
group. System delay ≤90 minutes was 
achieved in 2.7% of patients in the 
interhospital transfer group compared 
with 54% in the prehospital diagnosis 
group (P<0.001). These rates were 
16% and 90% for system delay ≤120 
minutes (P<0.001). Door-to-balloon 
time ≤60 minutes was achieved in 2.7% 
and 79% of patients in the interhospital 
transfer and prehospital diagnosis 
group, respectively. Median ischemic 
time was 263 minutes for patients in 
the interhospital transfer group and 165 
minutes for patients in the prehospital 
diagnosis group (P<0.001; Figure 2D). 
Patients in the interhospital transfer 
group and prehospital diagnosis group 
were equally likely to be treated during 
off-hours (44% vs. 45%; P=0.871). The 
culprit coronary artery was significantly 
different between both groups 
(P<0.001). Patients in the interhospital 
transfer group had higher rates of 
circumflex artery infarctions (20% vs. 
14%) and lower rates of right coronary 
artery infarctions (28% vs. 40%). The 



Failed prehospital diagnosis in primary percutaneous coronary intervention

Pa
rt

 2
 –

 S
ym

pt
om

 o
ns

et
 t

o 
tr

ea
tm

en
t

101

rate of left anterior descending artery 
infarctions was similar in both groups. 
Post PCI, epicardial and microvascular 
myocardial reperfusion as assessed by 
TIMI flow and myocardial blush grade 
trended towards poorer results in the 
interhospital transfer group (P=0.085) 
and (P=0.071), respectively (Table 2).

ECG characteristics
To gain further insight in the reasons 
for a failed prehospital diagnosis in 
the interhospital transfer group, the 
first available ECG was collected and 
assessed. ECG characteristics of the 
patients in the interhospital transfer 
group are shown in Table 3. Although 

Table 2. Time to treatment intervals and procedural characteristics
Prehospital 
diagnosis

Interhospital 
transfer P

 (n=609) (n=127)  
Symptom onset to call time (min) 62 (28-139) 76 (38-161) 0.156
Symptom onset to FMC time (min) 72 (37-150) 91 (47-171) 0.151
Call to FMC time (min) 9 (7-11) 9 (7-11) 0.937
FMC to door 1 time (min) 44 (37-52) 34 (27-43) <0.001
Door-in to door-out time (min) N/A 52 (31-85)
Interhospital transportation time (min) N/A 29 (19-34)
Door-to-balloon time (min) 43 (32-56) 116 (102-166) <0.001
Total system delay (min) 88 (78-103) 155 (132-198) <0.001
Total ischemic time (min) 165 (125-242) 263 (202-380) <0.001
Total distance traveled by EMS (km) 27 (16-38) 40 (25-53) <0.001
Off-hour PCI* 272/606 (45) 56/127 (44) 0.871
Target coronary artery <0.001

Right 240/608 (40) 35/127 (28)
Left anterior descending 276/608 (45) 59/127 (47)
Circumflex 85/608 (14) 25/127 (20)
Left main 4/608 (0.7) 6/127 (4.7)
Graft 3/608 (0.5) 2/127 (1.6)

Preprocedural TIMI flow 0.224
0/1 360/609 (59) 69/127 (54)
2 125/609 (21) 26/127 (21)
3 124/609 (20) 32/127 (25)

Postprocedural TIMI flow 0.085
0/1 14/607 (2.3) 2/127 (1.6)
2 46/607 (7.6) 20/127 (16)
3 547/607 (90) 105/127 (83)

Postprocedural myocardial blush grade 0.071
0/1 147/583 (25) 37/115 (32)
2 209/583 (36) 42/115 (37)
3 227/583 (39) 36/115 (31)

Glycoprotein IIb/IIIa inhibitor use 550/607 (91) 112/127 (88) 0.404
Values are n/N (%) or median (interquartile range); N/A indicates not applicable
*Before 08:00 hour or after 18:00 hour
EMS, emergency medical systems; FMC, first medical contact; TIMI, thrombolysis in myocardial infarction; 
other abbreviations as in Table 1
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Table 3. ECG characteristics of interhospital transfer patients
 (n=127)
ECG available 118
ECG not assessable 2*
ECG diagnostic for STEMI 91/118 (77)
Symptom onset to ECG time (min) 135 (72-228)

Left bundle branch block 8/116 (6.9)
Right bundle branch block 5/116 (4.3)

ST-segment assessable 108
ST-elevation (mV)

<0.2 15/108 (14)
0.2-0.5 42/108 (39)
0.6-1.0 33/108 (31)
>1.0 18/108 (17)

ST-deviation (mV)
<0.2 10/108 (9.3)
0.2-0.5 28/108 (26)
0.6-1.0 29/108 (27)
>1.0 41/108 (38)

Values are n/N (%) or median (interquartile range)
*due to arrhythmia
ECG, electrocardiogram; STEMI, ST-elevation myocardial infarction

Figure 2. Time to treatment intervals. A. Call to first medical contact time, B. total system delay with 
90 and 120 minutes reference lines, C. door-to-balloon time with 60 minutes reference line, and D. 
total ischemic time for patients in the prehospital diagnosis and interhospital transfer groups.
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this group of patients was not directly 
referred for primary PCI, only 14% of 
the first available ECGs showed ST-
elevation <0.2 mV. The rate of patients 
with left bundle branch block was 6.9%. 
Overall, 77% of ECGs were diagnostic 
for STEMI.

Predictors of interhospital 
transfer
In order to identify patient subgroups 
at higher risk of interhospital transfer, 
we assessed predictors of failed 
prehospital diagnosis (Table 4). After 
multivariable adjustment, female 
gender (OR 1.58; 95%CI 1.01-2.46; 
P=0.046), diabetes (OR 1.98; 95%CI, 
1.11-3.55; P=0.022), prior myocardial 
infarction (OR 2.86; 95%CI, 1.62-5.08; 
P<0.001), and distance from event 
location to PCI-capable center (OR 
1.22 per 10 kilometer; 95%CI, 1.07-
1.39; P=0.002) were independent 
predictors of interhospital transfer.

 Predictors of ischemic time
Predictors of total ischemic time in 
multivariable analysis are shown in 
Table 5. Age and heart rate were 
independently associated with longer 
ischemic time. However, interhospital 
transfer was the most powerful 
predictor of ischemic time and was 
associated with an estimated 47% 
increase in ischemic time (95%CI, 
+33% to +63%; P<0.001). Notably, 
the impact of interhospital transfer on 
ischemic time was adjusted for total 
distance travelled by EMS (estimate 
+1.9% per 10 kilometer; 95%CI, –0.3% 
to +4.0%; P=0.088).

Clinical outcome
Follow-up with regard to mortality at 30 
days and 1 year was completed in all 
patients. Thirty-day mortality was 7.1% 
in the interhospital transfer group and 
3.3% in the prehospital diagnosis group 
(P=0.043). This pattern was similar at 

Table 4. Independent predictors of interhospital transfer
 Odds ratio  (95% CI) P
Female gender 1.58 (1.01-2.46) 0.046
Diabetes 1.98 (1.11-3.55) 0.022
Prior MI 2.86 (1.62-5.08) <0.001
Event location to PCI-capable center distance 
(per 10 km) 1.22 (1.07-1.39) 0.002
CI, confidence interval; other abbreviations as in Table 1

Table 5. Independent predictors of ischemic time
 Estimate   (95% CI) P
Age (per decade) +7.5% (+4.8 to +10) <0.001
Heart rate (per 10 bpm) +3.5% (+1.6 to +5.5) <0.001
Interhospital transfer +47% (+33 to +63) <0.001
Distance traveled by EMS (per 10 km) +1.9% (–0.3 to +4.0) 0.088
Abbreviations as in previous Tables
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1-year of follow-up with 10% mortality 
in the interhospital transfer group 
versus 5.3% mortality in the prehospital 
diagnosis group (P=0.030; Figure 3). 
Independent predictors of mortality at 
1-year follow-up are shown in Table 
6. After multivariable adjustment, an 
independent association between 
interhospital transfer and mortality 
could not be demonstrated (HR 1.42; 
95%CI, 0.70-2.88; P=0.335).

Discussion
We currently studied a comprehensive 
fully operational prehospital triage 
system with a single PCI-capable 
center and 5 non-PCI capable referral 
centers where the preferred reperfusion 
strategy for all patients with STEMI 
was primary PCI and self-referrals 
were excluded. Principal findings of 
our study were: 1) among patients 
with STEMI undergoing primary PCI, 
the incidence of interhospital transfer 
due to failed prehospital diagnosis was 
15%; 2) in the interhospital transfer 
group, recommended system delay 
≤90 minutes was seen in only 2.7% of 

patients, while this rate was 54% for 
patients in the prehospital diagnosis 
group; 3) despite a failed prehospital 
diagnosis, the first available ECG was 
diagnostic for STEMI in 77% of patients 
in the interhospital transfer group; 4) 
patients with onset of STEMI at greater 
distance from a PCI-capable center 
were at higher risk of interhospital 
transfer, as were women, diabetics, 
and patients with prior myocardial 
infarction; 5) interhospital transfer 
was independently associated with an 
estimated 47% increase in ischemic 
time; 6) mortality was significantly 
higher in the interhospital transfer 
group.
Prior studies comparing patients 
admitted through prehospital triage 
and interhospital transfer have been 
performed, but were conducted 
during the implementation period of 
the prehospital triage protocol,8 did 
not use primary PCI as the preferred 
reperfusion strategy for all patients 
with STEMI,12 or were limited by 
inclusion of self-referrals.13,14 Our 
study design lacked these limitations 
and allowed us to accurately estimate 

Table 6. Independent predictors of mortality at 1-year follow-up

 Hazard ratio               
(95% CI) P

Age (per decade) 4.35 (2.91-6.51) <0.001
Systolic blood pressure (per 10 mmHg) 0.70 (0.63-0.79) <0.001
Current smoking 2.14 (1.04-4.40) 0.038
Prior MI 2.39 (1.15-4.98) 0.020
Anterior MI 2.17 (1.13-4.16) 0.020
Interhospital transfer 1.42 (0.70-2.88) 0.335
Abbreviations as in previous Tables
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the rate of failed prehospital diagnosis 
and identify subgroups with higher risk 
of interhospital transfer. Moreover, our 
study includes the newly published 
ESC system performance measures, 
demonstrating that substantial 
improvement in first medical contact 
to treatment time is necessary for all 
STEMI patients despite relatively fast 
treatment times once the patient has 
arrived at the PCI-capable center.
The incidence of interhospital transfer 
due to failed prehospital diagnosis was 
15% in our study. This rate is similar 
to prior studies, reporting rates of 
15% and 22%.8,12 Despite its relatively 
low incidence, interhospital transfer 
was found to be a major predictor 
of ischemic time in our study. In a 
secondary analysis of the HORIZONS-
AMI trial, interhospital transfer was 
also found to be associated with the 
greatest delay to reperfusion.15 Thus, 

considerable delay occurs in the group 
of patients not directly admitted to 
a PCI-capable center and guideline 
recommended first medical contact to 
treatment time is not met. This finding 
is supported by most,13,14,16 but not 
all17 prior studies. Also, the finding that 
72% of patients are directly referred 
for primary PCI after prehospital 
diagnosis closely resembles the rate 
of 73% recently reported in a small 
single center study.18 Remarkably, we 
found that distance travelled by EMS 
was not predictive of ischemic time in 
multivariable analysis. This suggests 
that, within our geographical context, 
distance travelled by EMS is of minor 
relevance for total ischemic time. For 
interhospital transfer patients, most 
time is lost as door-in to door-out time 
at the non-PCI-capable center, rather 
than interhospital transportation time. 
The minor impact of EMS transportation 

Figure 3. One-year mortality was 10% in the interhospital transfer group and 5.3% in the prehospital 
diagnosis group (P=0.030).
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distance on total ischemic time was 
also underlined by a Danish study.8

We found that women and diabetics 
were at higher risk of interhospital 
transfer. This may relate to the 
phenomenon that symptom 
presentation in these subgroups is 
often atypical and without chest pain.19-

21 Atypical clinical presentation in these 
subgroups may limit recognition of 
STEMI by EMS staff and increase the 
risk of interhospital transfer. Patients 
with prior myocardial infarction were 
also at greater risk of interhospital 
transfer. Although these patients 
are likely to recognize symptoms 
of myocardial infarction, ECG 
interpretation may be harder. Still, the 
first available ECG in the interhospital 
transfer group was retrospectively 
considered diagnostic for STEMI in 
77% of cases.
The one-year mortality we observed 
in interhospital transfer patients 
was approximately twice the rate 
of prehospital diagnosis patients. 
However, we could not demonstrate 
an independent association between 
interhospital transfer and mortality. 
Part of the excess mortality in the 
interhospital transfer group may be 
explained by higher rates of high 
risk subgroups, such as patients 
with prior myocardial infarction and 
diabetics. However, ischemic time 
was considerably longer in patients 
undergoing interhospital transfer and 
longer ischemic time and system delay 

have clearly been associated with 
decreased myocardial reperfusion, 
greater enzymatic infarct size, poorer 
left ventricular function, and higher 
mortality in prior studies, mostly with 
greater sample size.3,4,22 Therefore, 
we believe that our study was not 
sufficiently powered to detect an 
independent association between 
interhospital transfer and mortality.
ESC guidelines recommend 
immediate fibrinolysis when expected 
system delay to primary PCI exceeds 
120 minutes.5 In our study, 84% of 
patients in the interhospital transfer 
group and 10% of patients in the 
prehospital diagnosis group had a 
system delay >120 minutes. In some 
of these patients, fibrinolysis may be 
an alternative reperfusion strategy. 
However, we and others23 believe 
that in the context of STEMI networks 
with short transfer distances further 
improvements in STEMI care are 
likely to come from efforts to improve 
prehospital triage and, if needed, 
efficient interhospital transfer in 
order to provide timely primary PCI 
rather than accepting delays and 
resorting to fibrinolysis. An important 
aspect in this process is discussing 
lessons from analyses as these with 
all regional STEMI care participants. 
Now that an increasing number of 
prehospital triage systems have been 
successfully implemented, future 
research should focus on optimization 
of operational prehospital triage 
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systems by maximizing the percentage 
of STEMI patients included without 
an inacceptable rise in false-positive 
activations. Therefore, it is important 
to identify patient subgroups at risk 
of failed prehospital diagnosis and 
develop interventions aimed at reducing 
the rate of interhospital transfer in 
these patients. A greater distance 
from event location to a PCI-capable 
center should not be a reason for an 
intermediate admission to a non-PCI-
capable center in a hemodynamically 
stable patient, since substantial delays 
occur as door-in to door-out time at a 
non-PCI-capable center while greater 
distance travelled by EMS results in 
minor delays. Furthermore, EMS staff 
should be aware of the often atypical 
symptom presentation in women and 
diabetics with STEMI. Transportation 
to a PCI-capable center should 
be promptly performed in case of 
diagnostic uncertainty or difficulties 
with ECG interpretation in patients 
with prior myocardial infarction. Finally, 
physicians should be aware that 
patients with STEMI initially admitted 
to a non-PCI-capable center mostly 
comprise a group of patients with 
higher mortality, rather than patients 
with minor ECG changes and a 
favorable outcome.

Limitations
It is important to consider several 
limitations of our study. First, we 

studied all patients with suspected 
STEMI undergoing acute coronary 
angiography. Therefore, we may have 
missed patients eligible for primary PCI 
who died before admission, resulting 
in an underestimation of mortality. 
Second, we defined treatment time 
as time of initial intracoronary therapy 
(by thrombus aspiration or balloon 
inflation) which is slightly later than 
time of wire passage through the 
culprit lesion, used in the new ESC 
guidelines. Third, ECGs in patients 
undergoing interhospital transfer were 
retrospectively analyzed by a single 
cardiologist. Although ECGs were 
reviewed independent of other patient 
data, this may have introduced a bias. 
Although we put much effort in obtaining 
the first ECG made by EMS, it is likely 
that some of the ECGs we assessed 
were not the first ECG. As studies 
have shown that an additional 15% of 
STEMI patients may be diagnosed by 
performing serial prehospital ECGs,24 
the rate of diagnostic ECGs we found in 
the interhospital transfer group (77%) 
may be an overestimate. Clearly, it is 
hard to prevent admission to a non-
PCI-capable center in patients who 
initially present with a non-diagnostic 
ECG. Finally, we did not study patients 
on mechanical ventilation, as this may 
had been a reason for an intermediate 
admission to the nearest non-PCI-
capable center despite a prehospital 
diagnosis of STEMI. Therefore, the 
results of our study should not be 
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generalized to this complex subgroup 
of patients.

Conclusions

In a fully operational prehospital triage 
system, failed prehospital diagnosis 
and subsequent interhospital transfer 
occurred in 15% of STEMI patients 
undergoing primary PCI despite an 
often diagnostic ECG. Interhospital 
transfer was a major predictor of 
ischemic time and short-term and long-
term mortality were higher. Continuing 

efforts to optimize prehospital triage 
and direct referral for primary PCI in 
patients with STEMI are warranted, 
especially for patients with onset of 
STEMI at greater distance from a PCI-
capable center, women, diabetics, 
and patients with prior myocardial 
infarction.
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Abstract

Non-ST-elevation myocardial infarction (NSTEMI) has become the most 
common presentation of acute myocardial infarction. Its treatment is 
challenging and often less straightforward as compared with ST-elevation 
myocardial infarction (STEMI). First, clinicians must decide whether an initial 
invasive or an initial conservative treatment is appropriate for their NSTEMI 
patient. If an invasive strategy is chosen, subsequent decisions on the optimal 
timing of coronary angiography and possible intervention have to be made. 
Both aggressive and conservative strategies have their own potential risks and 
benefits. Aggressive strategies may result in more procedural complications, 
which is especially unwanted in patients otherwise at low risk of events. In 
contrast, conservative strategies may be harmful in high-risk patients who 
benefit most of early reperfusion therapy. We aim to discuss the evidence base 
of this decision process where risk stratification is of paramount importance 
with the goal of obtaining the optimal outcome for the individual patient.

Introduction

With an estimated incidence of 
150-200 per 100,000 in the United 
States, non-ST-elevation myocardial 
infarction (NSTEMI) represents the 
most common presentation of acute 
myocardial infarction.1,2 Its usual 
cause is atherosclerotic plaque 
rupture or erosion and formation of a 
non-occlusive thrombus in a coronary 
artery, although other conditions that 
cause a supply/demand imbalance 
to the myocardium may also cause 
NSTEMI (e.g. coronary spasm or 
dissection or severe anemia).3,4 With 
the introduction of troponin assays 
the last decade has seen an increase 
in the incidence of NSTEMI, while the 
incidence of ST-elevation myocardial 

infarction (STEMI) has simultaneously 
decreased.1,2 That the improved 
sensitivity to diagnose NSTEMI does 
not necessarily result in additional 
identification of low-risk NSTEMI 
patients is reflected in a contemporary 
Swedish study. In this nationwide 
analysis no improvement in 1-year 
survival of NSTEMI patients was seen in 
between 1990 and 2010, while STEMI 
patients did show improved survival.5 
In an analysis from the Global Registry 
of Acute Coronary Events (GRACE), 
6-month outcome in NSTEMI patients 
did show a modest improvement 
between 1999 and 2005, but this was 
only after adjustment for the worsening 
baseline risk-profile that was seen 
over time in NSTEMI patients but not in 
STEMI patients.6 Thus, diagnosis, risk 
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stratification, and treatment of NSTEMI 
continues to be a major challenge in 
the upcoming decade and is often less 
straightforward than in STEMI. We aim 
to give an overview of the role and 
timing of coronary intervention and 
the importance of risk stratification in 
selecting an appropriate treatment 
strategy in patients with NSTEMI.

Risk stratification
Before estimating risk in a NSTEMI 
patient and deciding on if and when 
to take a patient to the cardiac 
catheterization lab, one needs to 
question what the possible scenarios 
in terms of presentation, angiographic 
findings, and invasive management 
may be. First, it is important to note that 
approximately 4% of NSTEMI patients 
present with cardiogenic shock upon 
admission.7  This is a population with an 
exceedingly high mortality rate (higher 
than in STEMI patients presenting with 
cardiogenic shock) and is unlikely to be 
represented in major clinical trials. In 
the 2005 GRACE registry, in-hospital 
invasive management in NSTEMI 
patients consisted of angiography in 
62.6% of cases with 34.6% of patients 
undergoing subsequent percutaneous 
coronary intervention (PCI) and 5.1% 
of patients undergoing coronary artery 
bypass grafting (CABG).6 These 
rates were 76.2% for angiography, 
43.6% for PCI, and 11.5% for CABG 
in the 2009 results of the US National 
Cardiovascular Data Registry.8 At the 

time of angiography, between 9% and 
14% of patients with NSTEMI do not 
have a coronary stenosis ≥50%.9-11 
Typical findings in NSTEMI patients 
with significant coronary artery disease 
are single vessel disease in 40-45%, 
2-vessel disease in 25-30%, 3-vessel 
disease in 15-22%, and left main 
disease in 6-13%.11,12 Approximately 
20% of NSTEMI patients with 
angiographically significant coronary 
artery disease are managed medically. 
These patients more often have a 
history of (extensive) coronary artery 
disease with prior interventions and 
have a poorer outcome.13

In addition to clinical judgment, several 
validated multivariable risk models are 
available to estimate the risk of adverse 
outcome in NSTEMI patients. This risk 
estimation is of great importance since 
it will guide the subsequent treatment 
strategy as is discussed later. American 
College of Cardiology/American Heart 
Association (ACC/AHA) guidelines 
recommend the use of the GRACE, 
Platelet glycoprotein IIb/IIIa in Unstable 
angina: Receptor Suppression Using 
Integrilin Therapy (PURSUIT), or 
Thrombolysis In Myocardial Infarction 
(TIMI) risk models in patients with 
suspected acute coronary syndrome 
(Class IIaB).14 The European Society 
of Cardiology (ESC) guidelines mainly 
refer to the GRACE score to estimate 
prognosis and the “Can Rapid risk 
stratification of Unstable angina 
patients Suppress ADverse outcomes 
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with Early implementation of the ACC/
AHA guidelines” (CRUSADE) risk score 
to estimate bleeding risk (Class IB).15 
Clinical characteristics considered 
by these risk scores are summarized 
in Table 1. The GRACE score was 
developed from a large ongoing 
intercontinental registry of patients 
with acute coronary syndromes. Risk 
models are available that predict in-
hospital or 6-month death or death or 
myocardial infarction.16-18 The 6-month 
risk estimates can be calculated both 
upon admission and at discharge. 
The commonly used GRACE risk 
model that estimates the 6-month 
risk of death or myocardial infarction 
upon admission was developed 
among 21,688 GRACE patients and 
had a c-statistic of 0.73 in the initial 
validation cohort (the c-statistic for 
6-month mortality alone was 0.81).18 
Due to its complexity, the GRACE 
score requires digital calculation. 
Nonetheless, it is widely used and has 
been validated extensively.19,20 The 
GRACE score is accessible online at 
http://www.outcomes-umassmed.org/
grace/.201 The PURSUIT risk score was 
developed among 9461 participants of 
the PURSUIT trial testing eptifibatide 
(Integrilin) versus placebo in patients 
with acute coronary syndrome 
without persistent ST-elevation.21 
The PURSUIT risk score predicts 30-
day death (initial c-statistic 0.80) and 
death or myocardial infarction (initial 
c-statistic 0.66) by using a scoring 

scheme and has been subjected to 
external validation.22 The TIMI risk 
score estimates 14-day risk of mortality, 
new or recurrent myocardial infarction, 
or severe recurrent ischemia requiring 
urgent revascularization and is an easy 
to memorize risk score where 1 point 
is awarded for each characteristic.23 
It was developed in 1957 patients 
with unstable angina or NSTEMI 
receiving unfractionated heparin in 
the TIMI 11B trial (testing enoxaparin 
vs. unfractionated heparin) and has 
subsequently been validated by the 
TIMI investigators (c-statistic of 0.59-
0.65) and others20,23,24 The TIMI risk 
score is available at http://www.timi.
org/.202 Studies comparing the GRACE, 
PURSUIT, and TIMI risk scores have 
concluded that the GRACE score 
yields the best predictive power.20,25 
The CRUSADE bleeding score can be 
calculated to estimate in-hospital major 
bleeding risk in patients with NSTEMI, 
which may have consequences 
in selecting anticoagulant and 
antiplatelet therapy.26 The CRUSADE 
score was developed in 71,277 
patients enrolled in the US CRUSADE 
quality improvement initiative and 
has been validated both within the 
CRUSADE registry (c-statistic 0.70) 
and externally.26,27 It works with a 
scoring chart that is hard to memorize 
but can be calculated at http://www.
crusadebleedingscore.org/.203 With 
regard to risk stratification, the 
importance of age must be stressed. 
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In the PURSUIT risk score, age ≥70 
years is awarded more risk points 
than any other characteristic including 
heart failure and abnormalities on the 
admission electrocardiogram (ECG).21 
Similarly, age ≥65 years was associated 
with the highest odds ratio for adverse 
outcome in the development cohort 
of the TIMI risk score23 and age (per 
decade increase) and cardiac arrest 
represented the highest hazard ratio 
for death at 6 months in the GRACE 
risk model beyond ST-deviation and 
cardiac biomarker elevation.18 Age is 
not included in the CRUSADE bleeding 

score, but may already be accounted 
for in the Cockcroft-Gault creatinine 
clearance calculation.26

The usage of risk models greatly 
enhances the ability to differentiate 
between low- and high-risk patients 
and their use should be part of the 
daily clinical routine. Although there 
is no question about the importance 
of clinical judgment in individual 
cases, it has recently been shown 
that the GRACE score outperforms 
physician-perceived risk in terms of 
prognostic accuracy in aggregate 
analysis.28 Nonetheless, it is important 

Table 1. Characteristics considered by commonly used risk models
 GRACE PURSUIT TIMI CRUSADE
 (prognosis) (prognosis) (prognosis) (bleeding)
Age X X X

Gender (higher risk in male/female) male female

Cardiovascular risk factors * †

Prior coronary artery disease (>50% 
stenosis) X

Prior aspirin use (in past 7 days) X

Angina severity X X

Heart rate X X X

Systolic blood pressure X X X

Signs of heart failure X X X

Cardiac arrest X

ST-segment deviation X X X

Creatinine (serum/clearance) serum clearance

Haematocrit X

Elevated cardiac enzymes/markers X  X  

*≥3 among: hypertension, diabetes, smoking, positive family history, low HDL cholesterol
†Diabetes and prior vascular disease

CRUSADE, Can Rapid risk stratification of Unstable angina patients Suppress ADverse outcomes with Early 
implementation of the ACC/AHA guidelines; GRACE, Global Registry of Acute Coronary Events; PURSUIT, 
Platelet glycoprotein IIb/IIIa in Unstable angina: Receptor Suppression Using Integrilin Therapy; TIMI, 
Thrombolysis In Myocardial Infarction.
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to be aware of the limitations of 
risk models. With c-statistic values 
typically reported around 0.60 to 
0.85,20 the aforementioned risk models 
show moderate to excellent – but not 
perfect – discriminatory capacity in 
terms of separating patients with and 
without adverse outcome. Efforts to 
further improve risk scores by adding 
biomarkers have been successfully 
attempted, such as addition of 
N-terminal pro-brain natriuretic peptide 
(NT-proBNP) to the TIMI risk score29 
and addition of NT-proBNP or growth 
differentiation factor-15 to the GRACE 
risk score.30 However, these strategies 
are associated with additional costs for 
biomarker assessment and have not 
(yet) been adopted into broad clinical 
practice. Finally, new risk scores 
incorporating clinical, laboratory, and 
angiographic characteristics have 
been developed in the light of the 
increasing use of early angiography 
and PCI in patients with acute 
coronary syndromes.31,32 These later 
risk scores which include angiographic 
characteristics may better predict in-
hospital and long-term outcome after 
PCI. They are however limited and not 
suitable to determine the optimal initial 
treatment strategy upon admission.

The role of coronary intervention

General concept
Coronary revascularization strategies 

in NSTEMI are summarized in Box 
1. The initial conservative strategy 
consists of observation and stabilization 
by institution of at least a beta blocker, 
an anticoagulant, and dual antiplatelet 
therapy. If medical therapy succeeds, 
the patient usually undergoes a non-
invasive stress test before discharge. 
The patient will proceed to coronary 
angiography if medical therapy fails 
(i.e. if the patient develops refractory 
or recurrent angina) or in case of a 
high-risk stress test result. A potential 
advantage of this strategy is that initial 
stabilization and pretreatment with 
anticoagulant and antiplatelet agents 
may result in lower periprocedural 
complications in patients that do 
proceed to angiography as compared 
with the initial invasive strategy (Figure 
1). Furthermore, it may reduce the 
use of angiography with its associated 
costs and risks in low-risk patients and 
allows for a more thorough clinical 
assessment and recognition of (latent) 
comorbid conditions. 
In the initial invasive strategy, 
patients routinely undergo coronary 
angiography within 72 hours. Its 
potential benefit is evident in patients 
that are considered to be at high-risk 
of adverse outcome upon admission. 
In these patients, timely angiography 
and intervention may prevent ischemic 
events otherwise occurring during 
the ‘observation and stabilization’ 
period in the conservative strategy 
(Figure 1). However, even in stabilized 
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intermediate-risk patients, the initial 
invasive strategy can be seen as an 
effective method of risk stratification 
since it provides clarity with regard 
to coronary anatomy. It can identify 
patients with a high-risk coronary 
anatomy in an early phase regardless 
of adequate classification by risk 
models, such as patients with 3-vessel 
or left main disease amenable for 
CABG and patients with a proximal 
left anterior descending artery (LAD) 
lesion suitable for PCI. Finally, it 
may reduce length of hospitalization 
and occurrence of rehospitalization 
regardless of angiographic findings.14,15

Conservative versus invasive 
strategy
The first randomized trial comparing 
an invasive and conservative strategy 
was conducted in the early 90’s,33 but 
current guidelines and contemporary 
meta-analyses have mainly focused 
on trials conducted in the stent era 
(Table 2). This will also be the focus 
of our overview (in chronologic order). 
Notably, most trials were conducted in 

patients with non-ST-elevation acute 
coronary syndromes (NSTE-ACS) 
and therefore also included patients 
with unstable angina. Key baseline 
and procedural characteristics differed 
substantially between the trials (Table 
2).
The Scandinavian multicenter 
FRagmin and Fast Revascularisation 
during InStability in Coronary artery 
disease (FRISC-II) trial randomized 
2457 patients with NSTE-ACS to an 
initial invasive strategy versus an initial 
conservative strategy.9 In the invasive 
group 98% of patients underwent 
coronary angiography after a median 
of 4 days, versus 47% after a median 
of 17 days in the conservative group. 
Subsequent treatment is listed in Table 
2. After an initial hazard for the invasive 
group in the first 2 weeks, the primary 
endpoint of the trial – a composite of 
death and myocardial infarction at 6 
months – was reached in 9.4% in the 
invasive group versus 12.1% in the 
conservative group (P=0.031). This 
was mainly driven by a difference 
in myocardial infarction rather than 

Box 1. Coronary revascularization strategies

Initial conservative strategy (selective invasive) – angiography is only performed in case of:

Hemodynamic or electrical instability;
Refractory or recurrent angina despite optimal medical therapy; 
Dynamic ECG changes;
High-risk stress test results.

Initial invasive strategy (routine invasive) – routine angiography within 72 hours of presentation
Urgent – within 2 hours of presentation
Early (nonurgent) – after 2 hours but within 24 hours of presentation
Delayed – after 24 hours but within 72 hours of presentation

ECG, electrocardiogram.
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death (Table 2). Furthermore, at 
6 months patients in the invasive 
group had lower rehospitalization 
rates and were less likely to report 
angina. However, the invasive strategy 
resulted in a higher occurrence of in-
hospital serious adverse events (3.8% 
vs. 1.6%) including major bleeding 
(1.6% vs. 0.7%) and of periprocedural 
myocardial infarction in the first 6 
months (5.4% vs. 2.1%; P<0.001).9,34

In the Treat Angina with Aggrastat 
and Determine Cost of Therapy with 
an Invasive or Conservative Strategy 
(TACTICS)-TIMI 18 trial, 2220 NSTE-
ACS patients were randomized to an 
initial invasive strategy versus and 
initial conservative strategy.35 A major 
difference with the FRISC-II trial was the 
substantially higher use of glycoprotein 
IIb/IIIa inhibitors in patients undergoing 

PCI. Patients in the TACTICS-TIMI 18 
trial underwent invasive procedures 
earlier during index hospitalization with 
97% of patients in the invasive group 
undergoing angiography after a median 
of 22 hours compared with 51% in the 
conservative group after a median of 3 
days. The primary endpoint of the trial 
was a composite of death, myocardial 
infarction, or rehospitalization for 
an acute coronary syndrome at 6 
months, and occurred in 15.9% of 
patients assigned to the invasive 
strategy versus 19.4% assigned to the 
conservative strategy (P=0.025). Also 
in this trial, there were no differences 
in death: the composite endpoint was 
mainly driven by differences in the 
occurrence of myocardial infarction 
and rehospitalization (Table 2). Of 
note, the invasive strategy was at the 

Figure 1. Weighing the benefits of an initial conservative strategy versus an initial invasive strategy.
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expense of a higher overall bleeding 
rate (5.5% vs. 3.3%; P<0.01) although 
TIMI major bleeding was similar (1.9% 
vs. 1.3%; P=0.24). Hospitalization was 
1 day shorter in the invasive group.
With 131 patients, the Czech Value 
of First Day Coronary Angiography/
Angioplasty In Evolving Non ST-
Segment Elevation Myocardial 
Infarction: An Open Multicenter 
Randomized Trial (VINO) was a 
considerably smaller trial comparing 
an invasive versus a conservative 
strategy in a high-risk population of only 
NSTEMI patients.36 The VINO trial was 
successful with regard to its ambition 
to offer early procedures in the invasive 
group; the mean time to angiography 
was 6.2 hours versus 61 days in the 
conservative group and the mean time 
to PCI was 8.6 hours versus 55 days, 
respectively. The occurrence of the 
primary endpoint – death or myocardial 
infarction at 6 months – was 6.3% in 
the invasive group and 22.4% in the 
conservative group (P<0.001). In this 
trial a 6-month mortality benefit in favor 
of the invasive group was found (3.1% 
vs. 13.4%; P=0.030). This finding may 
be explained by the high risk profile of 
the included patients.
The Randomized Intervention 
Trial of unstable Angina (RITA)-3 
was a British multicenter trial that 
randomized 1810 NSTE-ACS patients 
to an initial invasive versus an initial 
conservative strategy.37 In contrast 
to the other studies, the presence of 

elevated cardiac biomarkers was not 
an inclusion criterion. Indeed, patients 
with creatine kinase (CK) or CK-MB 
elevations higher than twice the upper 
limit of normal were even excluded, 
resulting in a relatively low-risk study 
population (Table 2). Patients in the 
invasive group underwent angiography 
during the initial hospitalization after a 
median of 2 days compared with an 
in-hospital angiography rate of 16% 
in the conservative group. The co-
primary endpoints of the trial were 
a composite of death, myocardial 
infarction, or refractory angina 
warranting re-admission at 4 months 
and death or myocardial infarction 
at 1 year. At 4 months, the primary 
endpoint occurred in 9.6% of patients 
in the invasive group versus 14.5% 
of patients in the conservative group 
(P=0.001). However, this difference 
was entirely driven by a 50% reduction 
in refractory angina in the invasive 
group and no significant differences 
were seen in death or myocardial 
infarction at 4 months or 1 year follow-
up (Table 2). In-hospital bleeding 
occurred in 8% in the invasive group 
and 4% in the conservative group. 
In the invasive group, patients used 
fewer antianginal agents at 1-year 
follow-up. It has been argued that 
the lack of reduction in myocardial 
infarction with invasive management 
seen in RITA-3 as compared with the 
FRISC-II and TACTICS-TIMI 18 trials 
may at least be partially explained by 
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their different definitions of myocardial 
infarction.37 FRISC-II and TACTICS-
TIMI 18 both used different definitions 
for spontaneous and periprocedural 
myocardial infarction of which the 
definition of spontaneous myocardial 
infarction was more sensitive. As a 
consequence, a greater proportion of 
the patients in the conservative group 
was exposed to a more sensitive 
definition of myocardial infarction. 
In contrast, the same definition for 
spontaneous and periprocedural 
myocardial infarction was used in 
RITA-3.
The final trial in this field was the 
multicenter Dutch Invasive versus 
Conservative Treatment in Unstable 
Coronary Syndromes (ICTUS) trial.38 
In this trial, a relatively high-risk 
population of 1200 NSTEMI patients 
with elevated troponin T levels were 
randomized to an initial invasive 
strategy versus an initial conservative 
strategy. The median time to PCI was 
23 hours in the invasive group and 11.8 
days in the conservative group. There 
was a high use of glycoprotein IIb/IIIa 
inhibitors, although more frequently so 
in the invasive group (Table 2). The 
primary endpoint of the trial consisted 
of 1-year death, myocardial infarction, 
or hospitalization for angina. This 
occurred in 22.7% of patients in the 
invasive group and 21.2% of patients 
in the conservative group (P=0.33). 
The (remarkably low) rate of death 
was the same in both groups (2.5%), 

and while rehospitalization rates were 
significantly lower in the invasive group, 
an unexpected excess in myocardial 
infarction was seen (Table 2). The later 
was solely the consequence of a more 
than twofold higher rate of PCI and 
CABG related myocardial infarction in 
the invasive group (11.3% vs. 5.4%; 
P=0.001). The rate of in-hospital major 
bleeding was 3.1% in the invasive 
group and 1.7% in the conservative 
group. The findings of the ICTUS trial 
may be explained by routine monitoring 
of cardiac biomarkers after each PCI 
procedure (resulting in a higher rate of 
periprocedural myocardial infarction in 
the invasive group) on the background 
of a more advanced pharmacological 
treatment strategy including high-dose 
statins and dual antiplatelet therapy 
with clopidogrel (limiting the event rate 
in the conservative group). Additionally, 
the ICTUS investigators have shown 
that actual in-hospital revascularization 
was associated improved outcome.39 
This may well explain the lack of 
benefit for the invasive strategy in the 
intention-to-treat analyses, since the 
rate of in-hospital revascularization 
was relatively high in the conservative 
group (40%) as compared with the 
invasive group (76%).
Several meta-analyses have been 
published on the topic of invasive 
versus conservative treatment 
strategies in NSTE-ACS. One 
particularly meticulous meta-analysis 
was conducted by Hoenig et al.40 
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This study-level meta-analysis also 
considered additional follow-up from 
the FRISC-II,34,41,42 RITA-3,43 and 
ICTUS trials.44 No additional follow-
up was available in TACTICS-TIMI 
18 and VINO. Its principal findings 
were that the invasive strategy was 
not associated with a mortality benefit 
at any time point (in-hospital: relative 
risk 1.53, 95% confidence interval 
[CI] 0.98-2.39; 4-5 years: relative risk 
0.90, 95%CI 0.76-1.08) as compared 
with the conservative strategy and was 
associated with an increased risk of 
periprocedural myocardial infarction 
and bleeding. The invasive strategy 
did, however, reduce the incidence 
of myocardial infarction during 
intermediate and long-term follow-up 
(3-5 years: relative risk 0.78, 95%CI 
0.67-0.92). Furthermore, the invasive 
strategy reduced the early and 
intermediate occurrence of refractory 
angina and early and intermediate 
but not late rehospitalization rates. In 
summary, the invasive strategy seems 
to reduce the long-term occurrence of 
myocardial infarction at the expense 
of a higher rate of early complications 
in NSTE-ACS patients. Still, one 
revascularization strategy does not 
confer a survival benefit over the other 
in a trial population. Observational 
studies have shown that an invasive 
strategy may safely be performed 
in a more general population,45-47 
although a recent report emphasized 
that intraprocedural complications are 

common in the invasive strategy and 
adversely affect prognosis.48 Therefore, 
risk stratification and consideration 
of specific subgroups is needed to 
effectively balance the early procedure 
related hazard of an invasive strategy 
against the risk of ischemic events in 
the conservative strategy.

Risk stratification and 
treatment selection
A systematic approach to risk 
stratification should be used upon 
admission to increase awareness of 
the guideline recommendations and 
help guide treatment selection while 
avoiding some common pitfalls. First, 
NSTE-ACS patients with refractory 
angina or hemodynamic or electrical 
instability should be selected for an 
invasive strategy whenever possible, 
since these patients are at very high 
risk of ischemic events. This is also 
reflected in international guideline 
recommendations (ACC/AHA Class 
IB; ESC Class IC).14,15 Second, a 
well-validated multivariable clinical 
risk score should be calculated and 
patients with a high baseline risk should 
be considered for an invasive strategy 
(ACC/AHA and ESC Class IA).14,15 The 
hypothesis of a baseline risk dependent 
benefit from an invasive strategy was 
elegantly tested in a collaborative 
meta-analysis49 that included patient-
level data and 5-year follow-up from 
the FRISC-II,42 RITA-3,43 and ICTUS 
trials.50 In this analysis, the authors 
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demonstrated that high-risk patients 
benefit most of an invasive strategy in 
terms of reduction of cardiovascular 
death or myocardial infarction (Figure 
2). A prespecified subgroup analysis of 
the TACTICS-TIMI 18 trial also favored 
an invasive strategy in patients with 
an intermediate and high TIMI risk 
score, although the interaction was 
non-significant.35 Further analysis by 
the British National Institute for Health 
and Care Excellence (NICE) showed 
that these trial results are obtained 
in a population that does not include 
the patients at highest risk in clinical 
practice.204 Thus, the actual benefit 
from an invasive strategy in high-risk 
patients among the general population 

may even be greater. Selection of an 
invasive strategy in low-risk patients 
is discouraged by current guidelines 
(ACC/AHA Class IIIC, ESC Class 
IIIA).14,15 
A key issue in the context of risk 
stratification and revascularization 
strategy selection is the so called 
“treatment-risk paradox”. This refers 
to the observation that invasive 
management is more common in 
lower risk patients and often denied in 
high-risk patients in clinical practice; 
a pattern that opposes guideline 
recommendations and the evidence-
based clinical benefit patients 
are expected to derive from such 
interventions.51,52 This observation 

Figure 2. Five-year cumulative incidence of cardiovascular death or myocardial infarction by 
interventional strategy in a patient-level meta-analysis of the FRISC-II, ICTUS, and RITA-3 trials. 
The figure clearly shows that high-risk patients gained most benefit from a routine invasive (initial 
invasive) strategy (n=709; risk difference –11.1%; 95% confidence interval –18.4% to –3.8%) as 
compared with intermediate-risk (n=1832; risk difference –3.8%; 95% confidence interval –7.4% 
to –0.1%), and low-risk patients (n=2926; risk difference –2.0%; 95% confidence interval –4.1% 
to 0.1%; interaction p<0.0001). A study specific risk score was calculated for this analysis which 
considered age, diabetes, prior myocardial infarction, ST-depression, hypertension, and body mass 
index <25 or ≥35 to be high-risk features. Reprinted from49, with permission from Elsevier.
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seems to reflect an unwanted 
risk-averse strategy to coronary 
intervention, as it cannot be fully 
explained by confounding factors such 
as comorbidities. Another pitfall in risk 
estimation and treatment selection 
concerns cardiac biomarkers. Current 
guidelines mention that an invasive 
approach should be considered 
in patients with elevated cardiac 
biomarkers (mostly troponin).14,15 
Indeed, an elevated troponin level is 
a high-risk feature (Table 1) and the 
idea of a single high-risk marker is 
attractive. However, the prognostic 
value of an elevated troponin level as 
a single variable is low and inferior 
to a multivariable risk score.53,54 This 
is underscored by the results of the 
ICTUS trial, where all patients had 
elevated troponin levels but no benefit 
for an invasive strategy could be 
demonstrated.38 

Subgroups and treatment 
selection
Although treatment selection should 
principally be based on multivariable 
baseline risk, the findings in a 
number of specific subgroups are 
worth mentioning. Several studies 
have assessed elderly patients. 
In the Italian Elderly ACS trial 313 
NSTE-ACS patients ≥75 years were 
randomized to an invasive versus a 
conservative strategy.55 The primary 
endpoint, a composite of death, 
myocardial infarction, disabling 

stroke, and rehospitalization for 
bleeding or cardiovascular causes at 
1 year, occurred in 27.9% of patients 
assigned to the invasive versus 
34.6% of patients in the conservative 
group (P=0.26). However, an invasive 
strategy was beneficial to patients with 
elevated troponin (hazard ratio 0.43, 
95%CI 0.23-0.80; P-interaction=0.03). 
As can be expected from their 
higher baseline risk, several large 
observational studies56,57 and a 
recent meta-analysis of clinical 
trials58 have also suggested benefit 
from an invasive strategy in elderly 
NSTE-ACS patients. Unfortunately, 
age seems to be particularly 
susceptible to the treatment-risk 
paradox resulting in underutilization 
of invasive management of these 
patients.56 Clearly, comorbidities and 
patient preference for a conservative 
strategy should be considered,14,15 
but in their absence advanced age 
alone should not be an argument for 
selection of a conservative treatment 
strategy.59 Benefit from an invasive 
over a conservative strategy in 
elderly patients with comorbidities is 
subject of a small ongoing clinical trial 
(NCT01645943).205

Women typically represented one 
quarter to one third of the trial 
population (Table 2). In a randomized 
substudy of the Organization to 
Assess Strategies in Acute Ischemic 
Syndromes Investigators (OASIS)-5 
trial 92 women with NSTE-ACS were 
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assigned to an invasive strategy 
and 92 women were assigned to a 
conservative strategy.60 The primary 
endpoint, death, myocardial infarction 
or stroke at 2 years, showed a non-
significant difference between the 
invasive (21%) and conservative 
(15.4%) strategy. However, major 
bleeding was more frequent in the 
invasive group and there was a trend 
towards higher 2-year mortality (8.8% 
vs. 2.2%, hazard ratio 4.65, 95%CI 
0.97-22.20). The investigators also 
combined their findings with the sex-
specific results of previous trials in a 
meta-analysis yielding 2692 women.60 
They observed significant sex-specific 
heterogeneity with no apparent benefit 
from the invasive strategy in terms of 
6- to 12-month death or myocardial 
infarction (odds ratio 1.18, 95%CI 
0.92-1.53) or death (odds ratio 1.51, 
95%CI 1.00-2.29) in women, while this 
benefit was seen in men. However, 
these results should be interpreted 
with caution in the absence of a large 
clinical trial in women.
Benefit from an invasive strategy in 
diabetics was assessed in a study-
level meta-analysis of clinical trials 
that included 9904 patients (18% 
diabetics).61 The authors found that 
the risk of 1-year death, myocardial 
infarction, and rehospitalization for 
an acute coronary syndrome showed 
a non-significant trend favoring the 
invasive strategy with similar results in 
diabetic and nondiabetic patients. An 

invasive strategy did appear to result in 
fewer nonfatal myocardial infarctions 
at 1-year follow-up in diabetic patients 
(relative risk 0.71, 95%CI 0.55-0.92) 
but not in nondiabetic patients (relative 
risk 0.98, 95%CI 0.74-1.29). The study 
included both pre-stent era and stent 
era studies but the authors noted that 
their results would have been similar if 
they had only included stent era trials. 
Given these findings, it is reasonable 
to state that an invasive strategy 
should be more accessible to diabetic 
patients.
Another subgroup that should be 
considered for an initial invasive 
strategy are patients exhibiting a 
characteristic ECG pattern with 
precordial T-wave inversion, also 
known as Wellens’ syndrome. These 
patients often have a critical proximal 
LAD stenosis and may be at risk of a 
large anterior myocardial infarction if 
managed conservatively.62,63 Similarly, 
echocardiographic assessment of 
left ventricular function and mitral 
regurgitation may help to select 
patients for an invasive strategy, since 
compromised left ventricular function 
(<40%) suggests possible presence 
of left main or 3-vessel disease 
amenable for CABG14,64 and presence 
of grade 2-4 mitral regurgitation may 
be associated with adverse outcome 
if invasive management is delayed.65 
Furthermore, guidelines recommend 
to consider an invasive strategy 
in patients with overt heart failure, 
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recent PCI, or prior CABG.14,15 These 
patients were largely excluded in the 
revascularization strategy trials. 

Timing of coronary intervention

Delay to reperfusion in 
NSTEMI
In the interval between symptom 
onset and reperfusion therapy several 
factors can be identified in patients 
with NSTEMI that are especially 
complicating compared with STEMI 
patients. First, NSTEMI patients tend 
to have a longer prehospital delay,66 
and are less likely to use emergency 
medical services.67 Certainly, a short 
time to first medical contact is desirable 
to facilitate expeditious diagnosis 
and early pharmacological therapy 
and to treat possible life-threatening 
complications such as arrhythmia or 
cardiogenic shock. Second, while 12-
lead ECG based prehospital triage has 
shown to contribute to early diagnosis 
and treatment in STEMI patients,68,69 
this is not the case in NSTEMI patients 
who also require (in-hospital) cardiac 
biomarker assessment for diagnosis.70 
Finally, whereas delay to reperfusion 
should be as short as possible to 
optimize outcome in STEMI patients,71 
the relation between delay to 
reperfusion and outcome in NSTEMI 
is more complex. In the last decade, 
several trials have assessed the 
optimal timing of coronary intervention 

in NSTE-ACS patients. It is useful to 
subdivide these into trials comparing 
early versus delayed intervention72-77 
and trials comparing urgent versus 
early intervention (Box 1).78-80

Early versus delayed invasive 
management
The international Timing of Intervention 
in Acute Coronary Syndromes 
(TIMACS) trial is by far the largest 
trial that has addressed the timing of 
angiography in NSTE-ACS patients 
selected for an invasive strategy.72 It 
assigned patients to early angiography 
within 24 hours (n=1593; median delay 
14 hours) versus delayed angiography 
after 36 hours (n=1438; median delay 
50 hours). In the early group, PCI was 
performed in 59.6% and CABG in 
14.8% of patients. These rates were 
55.1% for PCI and 13.6% for CABG 
in the delayed group. The primary 
endpoint of the trial was a composite of 
6-month death, myocardial infarction 
or stroke and occurred in 9.6% in 
the early group and 11.3% in the 
delayed group (P=0.15). However, 
in a prespecified analysis there was 
a significant interaction between the 
primary endpoint and patient baseline 
risk, suggesting significant benefit 
from early intervention in high-risk 
patients with a GRACE score >140 
(hazard ratio 0.65; 95%CI 0.48-0.89) 
as compared with patients with a 
GRACE score ≤140 (hazard ratio 1.12; 
95%CI 0.81-1.56; P-interaction=0.01). 
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Furthermore, early intervention 
was associated with a lower rate of 
refractory ischemia at 30 days and 6 
months (1.0% vs. 3.3% at 6 months; 
P<0.001). Bleeding rates were similar 
in both groups. The findings of the 
TIMACS trial have mainly driven the 
current guideline recommendations, 
stating that an invasive strategy should 
be instituted within 12 to 24 hours 
(ACC/AHA Class IIaB) or 24 hours 
(ESC Class IA) of admission in stable 
high-risk patients.14,15

The oldest study that has addressed 
the timing of angiography in NSTE-
ACS patients is the Early or Late 
Intervention in unStable Angina 
(ELISA) trial.73 In this pilot trial 220 
patients were randomized to early 
angiography (n=109; median delay 
6 hours) versus late angiography 
(n=111; median delay 50 hours). Only 
patients in the late angiography group 
were pretreated with a glycoprotein 
IIb/IIIa inhibitor. Revascularization 
rates in the early and late group were 
61% versus 58% for PCI and 14% 
versus 19% for CABG. The primary 
endpoint of the trial, enzymatic infarct 
size, was in favor of the late group 
(lactate dehydrogenase area under 
the curve 629 U/l vs. 432 U/l; P=0.02). 
However, it is uncertain which part of 
this benefit may be attributed to timing 
of intervention since glycoprotein IIb/
IIIa inhibitor use also differed between 
the trial arms. No differences in clinical 
events were seen in this single center 

pilot trial (30-day death or myocardial 
infarction 9.2% vs. 9.0%; P=0.97).
The multicenter German Intracoronary 
Stenting With Antithrombotic Regimen 
Cooling-Off (ISAR-COOL) trial 
aimed to compare early angiography 
(n=203; median delay 2.4 hours) 
with a prolonged cooling-off period of 
at least 3 days before angiography 
(n=207; median delay 86 hours) in 
NSTE-ACS patients.74 Subsequent 
treatment consisted of PCI (70.4% vs. 
64.3%) and CABG (7.9% vs. 7.7%) 
in the early and cooling-off group, 
respectively. The primary endpoint 
of the trial was death or myocardial 
infarction at 30 days, and occurred in 
5.9% in the early group versus 11.6% 
in the cooling-off group (P=0.04). 
These results were mainly driven by 
a higher rate of myocardial infarction 
during the cooling-off period (10.1% 
vs. 5.9%; P=0.12). Thus, a prolonged 
cooling-off period in patients selected 
for an invasive strategy seems both 
impractical and hazardous.
The recently published Dutch 
multicenter ELISA-3 trial randomized 
a relatively high-risk NSTE-ACS 
population (median GRACE score 135) 
to early angiography (n=269; median 
delay 2.6 hours) versus delayed 
angiography (n=265; median delay 
54.9 hours).75 Revascularization rates 
were 66.7% versus 61.9% for PCI and 
23.2% versus 25.7% for CABG in the 
early and delayed groups, respectively. 
The primary endpoint of this trial was 
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defined as death, reinfarction, or 
recurrent ischemia at 30-days and was 
expected to have an incidence of 25%. 
However, it occurred in 9.9% in the early 
group versus 14.2% in the delayed 
group (P=0.135), mainly driven by a 
trend towards lower recurrent ischemia 
in the early group (7.6% vs. 12.6%; 
P=0.058). Hospitalization was 2 days 
shorter in the early group. The finding 
of a 30% relative risk reduction in the 
primary endpoint with an early invasive 
strategy in the high-risk population 
included in ELISA-3 seems to be in 
accordance with the findings of the 
TIMACS trial and we argue that lack of 
statistical significance should be seen 
in the light of the lower than expected 
event rate. Finally, 2 small single 
center trials randomized NSTEMI 
patients to an early invasive versus a 
delayed invasive strategy. Both of the 
trials found better outcomes in patients 
treated with an early invasive strategy, 
although neither had defined a primary 
endpoint.76,77

Urgent versus early invasive 
management
Three trials have compared urgent 
(<2 hours) and early invasive 
strategies.78-80 The first study to do so 
was the Optimal Timing of Coronary 
Intervention in Unstable Angina 
(OPTIMA) trial.78 This trial assessed 
timing of PCI rather than angiography 
and therefore only included NSTE-
ACS patients eligible for PCI. Patients 

were randomized to urgent PCI (n=73; 
median delay 30 minutes) versus early 
PCI (n=69; median delay 25 hours). 
The trial aimed to include 566 patients, 
but was terminated prematurely due to 
recruitment challenges. Nonetheless, 
the trial reached its primary endpoint; 
a composite of 30-day death, 
myocardial infarction, and unplanned 
revascularization was seen in 60% of 
patients in the urgent group versus 
39% of patients in the early group 
(P=0.004). Notably, there were no 
deaths and the difference was primarily 
driven by excess myocardial infarction 
in the urgent group (60% vs. 38%; 
P=0.005) which was defined as CK-
MB above the upper limit of normal.
The Angioplasty to Blunt the Rise of 
Troponin in Acute Coronary Syndromes 
Randomized for an Immediate or 
Delayed Intervention (ABOARD) trial 
randomized 352 NSTE-ACS patients 
with a TIMI risk score ≥3 to urgent 
angiography (n=175; median delay 
1.2 hours) versus early angiography 
(n=177; median delay 20.8 hours) 
across multiple French centers.79 PCI 
was performed in 80.1% of patients in 
the urgent group versus 69.5% in the 
early group. These rates were 11.0% 
versus 11.3% for CABG. The primary 
endpoint of the trial was enzymatic 
infarct size and did not show any 
difference between the urgent and 
early group (median peak troponin 
I 2.1 ng/ml vs. 1.7 ng/ml; P=0.70). 
And although the composite clinical 
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endpoint of 1-month death, myocardial 
infarction or urgent revascularization 
was similar in both groups (13.7% 
vs. 10.2%; P=0.31), there was a 
trend towards a higher incidence of 
myocardial infarction in the urgent 
group (9.1% vs. 4.5%; P=0.09).
Finally, the German multicenter Leipzig 
Immediate versus early and late 
PercutaneouS coronary Intervention 
triAl in NSTEMI (LIPSIA-NSTEMI) trial 
randomized high-risk NSTEMI patients 
(median GRACE score approximately 
137) to 3 different treatment strategies: 
1) urgent invasive (n=200); 2) early 
invasive (n=200); 3) initial conservative 
(n=200).80 In the urgent invasive 
group, median time to angiography 
was 1.1 hour, PCI was performed in 
76% of patients, and CABG in 8% of 
patients. In the early invasive group, 
median time to angiography was 18.3 
hours and revascularization rates were 
71% for PCI and 13% for CABG. In the 
conservative group the angiography 
rate was high with 85% of patients 
undergoing angiography after a median 
of 67.2 hours with subsequent PCI in 
57% and CABG in 13%. The trial was 
neutral with regard to enzymatic infarct 
size, its primary endpoint (median peak 
CK-MB 0.94 μkat/l for urgent invasive, 
0.78 μkat/l for early invasive, and 0.91 
μkat/l for initial conservative; P=0.18). 
However, at 6-month follow-up, the 
urgent strategy was associated with 
a higher rate of nonfatal myocardial 
infarction (urgent 16.5%; early 10.0%; 
conservative 8.0%; P=0.02), while 

the early and conservative strategy 
were associated with a higher rate of 
refractory ischemia (urgent 0%; early 
6.5%; conservative 10.0%; P<0.001). 
Hospital stay was 1 day shorter in the 
urgent and early groups. Bleeding was 
similar across all groups.
The conclusions of observational 
studies assessing timing of intervention 
have varied widely, reporting on 
benefit,81 equal outcome,82 or harm83 
associated with an early versus 
delayed invasive strategy. These 
discordant findings should be seen 
in the light of the limited ability of 
observational studies to untangle the 
clinical impact of treatment strategies 
that allow for cross-over under certain 
conditions (e.g. earlier treatment in 
case of hemodynamic instability).39 
The observational studies could only 
adopt an as-treated approach, since 
none of them were primarily designed 
to assess the timing of treatment 
and the intentions of the operator 
on admission were not recorded. 
Nonetheless, the results of the trials 
on timing of coronary intervention 
have shown that a delayed invasive 
strategy is hazardous compared with 
an early invasive strategy in high-risk 
NSTE-ACS patients (e.g. ISAR-COOL, 
TIMACS). With a total patient number 
of 894 in all trials combined, the body 
of evidence comparing urgent invasive 
with early invasive management is 
considerably smaller. Even so, all 3 
trials in this field have consistently 
shown a higher rate of myocardial 
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infarction in the urgent invasive 
group. Based on these observations, 
both urgent (<2 hours) and delayed 
invasive (>24 hours) strategies may 
be associated with adverse outcome. 
Meta-analyses on timing of intervention 
to date84-86 have mostly compared 
earlier with later intervention (with 
the exception of a sensitivity analysis 
comparing <20 and ≥20 hours86) 
and therefore have not shown any 
significant differences in terms of death 
or myocardial infarction. However, we 
demonstrate in an exploratory analysis 
that significant differences in the 
incidence of myocardial infarction can 
be appreciated when urgent, early, and 
delayed management are analyzed 
separately (Figure 3). A large clinical 

trial (similar or larger than the TIMACS 
trial) comparing urgent with early 
invasive management in high-risk 
NSTE-ACS patients seems warranted, 
but we are only aware of 2 modestly 
sized ongoing trials in this field 
(NCT01172990 and NTR3861).205,206 
In the meantime, it seems most 
reasonable to perform coronary 
angiography between 2 and 24 hours 
in NSTE-ACS patients selected for an 
invasive strategy.

Future perspective

Guidelines and risk scores treat 
management of NSTEMI patients as a 
static process with several well-defined 

Figure 3. Exploratory meta-analysis of the incidence of early myocardial infarction in 7 randomized 
clinical trials assessing the timing of intervention in non-ST-elevation acute coronary syndromes. 
The studies are presented as “name, year of publication [reference]” and broken down into early 
versus delayed invasive management (1.1.1) and early versus urgent invasive management (1.1.2). 
In-hospital myocardial infarction was used for LIPSIA-NSTEMI; 30-day myocardial infarction was 
used for all other trials. Analyses were conducted assuming a random-effects model.90 Fixed-effects 
model analysis yielded similar results. Heterogeneity across studies was tested with Cochran’s Q 
statistic and the I2 statistic. Analyses were conducted using Review Manager version 5.1 (The Nordic 
Cochrane Centre, Copenhagen, Denmark). CI, confidence interval.
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steps that occur in a chronological 
order (i.e. admission, diagnosis 
and risk stratification, treatment, 
discharge). Real clinical practice is, 
however, far more dynamic. The risk 
of an individual patient may change 
substantially during hospitalization due 
to events such as recurrence of angina 
or the unexpected angiographic finding 
of severe coronary disease. Surely, 
we will never be able to fully model 
the challenges of clinical medicine, 
but future adaptive risk models that 
allow for addition of new information 
during the course of hospitalization 
may provide more accurate and 
flexible therapeutic guidance. Troponin 
and novel biomarkers may play a 
substantial role in this development as it 

has recently been shown that they may 
be used to tailor antiplatelet therapy.87 
Along this line, further development 
and application of high-sensitivity 
point of care biomarker assays will 
help to shift initial risk stratification 
and pharmacological pretreatment 
to the prehospital setting.88,89 High-
risk NSTEMI patients can then be 
referred directly to a PCI-capable 
center to shorten delay to treatment 
without jeopardizing the 2-hour 
pharmacological pretreatment window 
that seems to be required to stabilize 
plaque and optimize outcome in these 
patients. In fact, the first steps towards 
such an approach are being taken in 
an ongoing prospective observational 
study (NTR4205).206
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Abstract

Background: In invasively treated patients with non-ST-elevation acute 
coronary syndromes (NSTE-ACS), the relationship between specific timing of 
intervention and clinical outcome remains controversial. We aimed to investigate 
the relationship between delay to intervention and clinical outcome in randomized 
trials assessing the timing of intervention in patients with NSTE-ACS managed 
with an initial invasive approach, using a continuous scale of time.
Methods: A systematic search was performed to identify published trials 
randomizing patients with NSTE-ACS to early versus delayed invasive 
management. Our primary outcome was early myocardial infarction defined as 
the occurrence of in-hospital or 30-day myocardial infarction. The relationship 
between timing of intervention and outcome was modeled by fitting a spline to a 
generalized linear mixed model.
Results: Eight trials randomizing 5904 NSTE-ACS patients were included. 
There was a significant association between timing of intervention and early 
myocardial infarction (P=0.038) that was U-shaped (P=0.033 for nonlinearity), 
with the most beneficial period corresponding to a delay to intervention of 20-40 
hours. Myocardial infarction at 6-12 months was also associated with timing of 
intervention (P=0.039) and trended towards a similar U-shaped pattern (P=0.10 
for nonlinearity).
Conclusions: In patients with NSTE-ACS treated using an invasive strategy, 
the relationship between specific timing of intervention and the occurrence of 
myocardial infarction is U-shaped. The risk of myocardial infarction is lowest when 
intervention is timed between 20 and 40 hours. Earlier intervention may increase 
the risk of periprocedural myocardial infarction, while delayed intervention may 
result in excess spontaneous myocardial infarction.

Introduction

An initial invasive approach consisting 
of routine angiography and possible 
revascularization by means of 
percutaneous coronary intervention 
(PCI) or coronary artery bypass 
grafting (CABG) as appropriate 

is now recommended for most 
intermediate- and high-risk patients 
with non-ST-elevation acute coronary 
syndromes (NSTE-ACS).1 Still, 
there is considerable controversy 
regarding the specific timing of this 
initial invasive intervention in NSTE-
ACS patients. One large2 and several 
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smaller3-9 randomized trials have 
addressed this issue and their results 
have subsequently been studied in 
meta-analyses.10-13 So far, results 
have been inconclusive and, at times, 
contradictory. An important limitation 
of the meta-analyses is that they have 
studied the impact of time to intervention 
on outcome in a binary fashion, mainly 
by pooling of pairwise comparisons of 
early and delayed treatment arms in 
the trials. This approach is only valid 
if a linear relationship between time to 
intervention and outcome is assumed. 
However, the shape of this relation 
is presently unknown. We therefore 
aimed to investigate the relationship 
between delay to intervention and 
clinical outcome in randomized trials 
assessing the specific timing of 
intervention in patients with NSTE-
ACS managed with an initial invasive 
approach.

Methods

Two investigators (KDM and DRH) 
independently searched Medline 
and the Cochrane Library as well as 
ClinicalTrials.gov (http://clinicaltrials.
gov), Current Controlled Trials 
(http://controlled-trials.com), and the 
Netherlands Trials Registry (http://
www.trialregister.nl) for clinical trials 
randomizing patients with non-ST-
elevation acute coronary syndromes 
(NSTE-ACS) to early versus delayed 

invasive management. The following 
search term was used: 
(“myocardial infarction” OR “non-
st-elevation” OR “non-st-segment-
elevation” OR “non-st-segment 
elevation” OR “acute coronary 
syndrome” OR “unstable coronary 
syndrome” OR “unstable angina”) 
AND (timing OR strategy OR (early OR 
immediate OR urgent AND delayed 
OR deferred)) AND (intervention OR 
“percutaneous coronary intervention” 
OR angioplasty OR “coronary 
angiography” OR angiography OR 
catheterization)
Additionally, references of relevant 
articles were reviewed. Trials were 
included if they were published in 
peer-reviewed journals up to May 
20, 2014. Furthermore, analysis of a 
prespecified primary endpoint of an 
early versus delayed invasive strategy 
was a minimal quality requirement for 
inclusion. No language restrictions 
were applied. Trial characteristics, 
timing of intervention, and clinical 
outcome were extracted from the 
included trials by KDM using double 
data entry. Any inconsistencies were 
resolved in discussion with DRH. 
Risk of bias of the included trials was 
assessed according to the Cochrane 
Collaboration’s guidelines.
Our prespecified primary outcome was 
early myocardial infarction defined as 
the incidence of in-hospital or 30-day 
myocardial infarction as reported in 
the trials. Our secondary outcome was 
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myocardial infarction at intermediate 
follow-up (6-12 months). None of the 
trials reported on outcome beyond 12 
months. All outcomes were based on 
intention-to-treat analyses.
In the Optimal Timing of Coronary 
Intervention in Unstable Angina 
(OPTIMA) trial, a very high rate of 
myocardial infarction was seen.5 
This could be partially explained by 
the lenient and broad definition of in-
hospital myocardial infarction (creatine 
kinase [CK]-MB ≥ once the upper limit 
of normal) primarily reported in this 
trial. To better match the definitions 
used in the other trials, we selected 
CK-MB ≥3 times the upper limit of 
normal as definition of in-hospital 
myocardial infarction, which was also 
reported in OPTIMA. In all other trials, 
the originally reported definition of 
myocardial infarction was used. 
The relationship between timing of 
intervention and myocardial infarction 
was modeled using a 3 degree-of-
freedom restricted natural cubic spline. 
A generalized linear mixed model was 
used to fit the spline using a logit link for 
the response and a random intercept 
term to account for the correlation 
between 2 responses from the same 
trial. Statistical significance was set 
at P<0.05 (two-tailed). Statistical 
analyses were performed using SAS 
version 9.2 (SAS Institute Inc., Cary, 
North Carolina).

Results
We identified 10 clinical trials 
randomizing NSTE-ACS patients 
to early versus delayed invasive 
management2-9,14,15 of which 2 trials 
were excluded due to insufficient quality 
(Figure 1).14,15 The 8 included trials 
randomized a total of 5904 patients. 
Extended follow-up for the Early or 
Late Intervention in unStable Angina 
(ELISA) and Intracoronary Stenting 
With Antithrombotic Regimen Cooling-
Off (ISAR-COOL) trials was published 
in a collaborative meta-analysis.10 
All trials randomized patients to 
early versus delayed angiography 
with the exception of the OPTIMA 
trial, where eligible patients were 
randomized to early versus delayed 
percutaneous coronary intervention 
(PCI).5 The Leipzig Immediate versus 

Figure 1. Flow diagram of search results. FU, 
follow-up.
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early and late PercutaneouS coronary 
Intervention triAl in Non-ST-Elevation 
Myocardial Infarction (LIPSIA-NSTEMI) 
trial only included patients with non-
ST-elevation myocardial infarction 
(NSTEMI).8 The third arm of this trial, 
containing a selective invasive strategy 
(i.e. only clinically driven angiography), 
was excluded for the present analysis. 
Although treatment assignment could 
not be blinded during the trials, the risk 
of bias was generally deemed to be low 
(Table 1). Key baseline characteristics 
and timing of treatment are listed in Table 
2. Median time from randomization to 
intervention varied from 30 minutes in the 
early arm of the OPTIMA trial to 86 hours 
in the delayed arm of the ISAR-COOL 
trial. In the ELISA-3 trial, the intended 
minimal delay to intervention of 48 hours 
was violated in 35% of patients assigned 
to delayed treatment, but median time to 
intervention was still 43 hours in these 
prematurely treated patients. Cross-over 
rates were otherwise low. Subsequent 
revascularization consisted of PCI in the 
majority of patients; only few underwent 
coronary artery bypass grafting (CABG). 
Follow-up and outcomes of the trials are 
listed in Table 3. The occurrence of early 
myocardial infarction was reported in all 
trials.
There was a significant association 
between timing of intervention and early 
myocardial infarction (P=0.038) that was 
U-shaped (P=0.033 for nonlinearity; 
Figure 2A), with the most beneficial period 
corresponding to a delay to intervention 
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Table 2. Trial characteristics and tim
ing of intervention

S
tudy, reference

E
LIS

A
3

IS
A

R
-C

O
O

L
4

O
P

TIM
A

5
TIM

A
C

S
2

A
B

O
A

R
D

6
Zhang et al 7

LIP
S

IA
-

N
S

TE
M

I 8
E

LIS
A

-3
9

Year of publication
2003

2003
2009

2009
2009

2010
2012

2013

 

Early

Delayed

Early

Delayed

Early

Delayed

Early

Delayed

Early

Delayed

Early

Delayed

Early

Delayed

Early

Delayed

P
atients, N

o.
109

111
203

207
73

69
1593

1438
175

177
446

369
200

200
269

265
A

ge, m
ean, y

63
65

68
69

63
62

65
66

65
65

67
66

68*
70*

72*
72*

M
ale, %

72
68

66
68

70
74

65
65

73
71

66
68

66
70

70
66

D
iabetes, %

15
14

26
31

19
20

27
27

22
32

24
23

39
43

24
20

P
rior m

yocardial infarction, %
17

13
22

25
21

26
20

21
17

19
14

10
18

24
18

20
Ischem

ic E
C

G
 changes, %

N
/A

N
/A

66
65

52
52

81
80

70
77

95
95

79
82

N
/A

N
/A

E
levated cardiac biom

arker, 
%

78
71

66
68

47
45

77
77

75
73

79
78

100
100

N
/A

N
/A

Tim
ing of intervention

Intended tim
ing, h

<12
>24

<6
72-120

urgent
24-48

<24
>36

urgent
8-60

≤24
≥36

<2
10-48

<12
>48

A
ctual tim

ing, m
edian, h

6
50

2.4
86

0.5
25

14
50

1.2
21

9.3
50

1.1
18

2.6
55

C
ross-over, %

N
/A

N
/A

13
5.8

0
4.3

9.9
21

0
0

N
/A

N
/A

0
6.0

14
35

Treatm
ent

A
ngiography, %

99
100

100
100

100
100

98
96

100
99

95
95

100
99

98
97

P
C

I, %
61

58
70

64
100

99
60

55
80

70
70

68
76

71
67

62
C

A
B

G
, %

14
19

7.9
7.7

0
0

15
14

11
11

9.2
10

8.0
13

23
26

*m
edian age

C
A

B
G

, coronary artery bypass grafting; E
C

G
, electrocardiogram

; N
/A

, not available; P
C

I, percutaneous coronary intervention. O
ther abbreviations as in Table 1.
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0)

24
 (3
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17
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5)
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 (3
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 (4
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of 20-40 hours. Six trials reported on 
myocardial infarction at intermediate 
follow-up (6-12 months; Table 3). 
Intermediate myocardial infarction 
was also associated with timing of 
intervention (P=0.039) and trended 
towards a similar U-shaped pattern 
(P=0.10 for nonlinearity; Figure 2B). 
Between-study heterogeneity resulted 
in wide confidence intervals.

Discussion

To the best of our knowledge, we are 
the first to demonstrate a U-shaped 
relationship between timing of 
intervention and outcome in NSTE-
ACS trials, although existence of 
such an association has also been 
hypothesized by others recently.16 
Importantly, the excess myocardial 

Figure 2. Association between median time from randomization to intervention and the incidence of 
myocardial infarction at A. early follow-up (8 trials; n=5904; P=0.038; P=0.033 for nonlinearity) and 
B. intermediate follow-up (6 trials; n=5018; P=0.039; P=0.10 for nonlinearity). The size of the circles 
reflect the sample size of the study group. Dashed lines represent the 95% confidence interval. Trial 
acronyms are listed in Table 1.

A.

B
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infarction seen on both sides of the 
curve is likely to represent different 
pathophysiological mechanisms. 
We speculate that very early 
intervention inherently lacks adequate 
pharmacological pretreatment with 
anticoagulant and antiplatelet agents 
resulting in an increased risk of 
periprocedural myocardial infarction 
due to atherosclerotic plaque instability 
and distal embolization.17 However, 
definitive clinical evidence for this 
theory is still lacking in the absence 
of a large trial comparing urgent 
and early intervention. Moreover, 
we recognize that periprocedural 
myocardial infarction can be hard to 
distinguish from the presenting acute 
coronary syndrome and its prognostic 
significance is subject of ongoing 
debate.18,19 Nonetheless, a recent 
report systematically analyzing cardiac 
biomarker trends in 10,199 NSTE-
ACS patients found periprocedural 
myocardial infarction (if distinguishable) 
to be a powerful independent predictor 
of 1-year mortality.20

Prolonged delay of intervention, on 
the other hand, increases the risk of 
spontaneous myocardial infarction 
despite pharmacological pretreatment. 
This is evidenced by the results of the 
ISAR-COOL trial where the higher 
30-day death or myocardial infarction 
rate in the delayed intervention group 
(median 86 hours) was mainly the 
consequence of events occurring 
before catheterization.4 The time 

window between 20 and 40 hours 
seems to be relatively favorable in our 
analysis. However, in this regard it is 
important to understand the results of 
the largest study in this field to date, 
the Timing of Intervention in Acute 
Coronary Syndromes (TIMACS) 
trial.2 This trial found no difference 
between an early intervention (median 
14 hours) and a delayed intervention 
(median 50 hours) with regard to its 
primary endpoint death, myocardial 
infarction, or stroke at 6 months. 
However, a prespecified subgroup 
analysis showed that patients at high 
baseline risk (Global Registry of Acute 
Coronary Events [GRACE] risk score 
>140) derived significant benefit from 
an early intervention (hazard ratio 0.65; 
95% confidence interval 0.48-0.89; 
P-interaction=0.01). Therefore, we feel 
that timing of intervention may only be 
safely extended to 48 hours in patients 
with low or intermediate baseline risk.
In this study, we clearly show a 
time-dependent benefit for the use 
of myocardial revascularization 
therapy in patients with NSTE-ACS 
that is different as compared with 
ST-elevation myocardial infarction 
(STEMI).21 This finding has several 
important implications. Clinicians 
should be aware that both a STEMI-
like approach assuming that “time 
is muscle” as well as a prolonged 
“cooling-off” strategy are potentially 
harmful in NSTE-ACS patients selected 
for an invasive strategy. Furthermore, 
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future trials, observational studies, and 
– in particular – meta-analyses should 
take this non-linear relationship into 
account in their analyses.

Limitations
Some limitations of our study should 
be considered. First, although timing 
of intervention was randomly assigned 
to patients in the individual trials, our 
current analysis is based on aggregate 
data and warrants further prospective 
confirmation. Second, analysis of 
mortality patterns on a continuous scale 
was not feasible due to the combination 
of a low event rate and substantial 
between-study heterogeneity. 
Similarly, heterogeneous definitions 
did not allow us to study composite 
clinical endpoints. Finally, our results 
and conclusions do not apply to NSTE-
ACS patients with hemodynamic or 
electrical instability, since this patient 

population was excluded from the 
trials. These patients should still be 
considered for urgent intervention.1

Conclusions

In patients with NSTE-ACS treated 
using an invasive strategy, the 
relationship between specific timing 
of intervention and the occurrence of 
myocardial infarction is U-shaped. The 
risk of myocardial infarction is lowest 
when intervention is timed between 20 
and 40 hours. Earlier intervention may 
increase the risk of periprocedural 
myocardial infarction, while delayed 
intervention may result in excess 
spontaneous myocardial infarction.
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Abstract

Background: Current treatment for coronary stent thrombosis (ST) often lacks 
satisfactory results and clinical outcome is poor. We investigated the impact of 
manual thrombus aspiration during percutaneous coronary intervention (PCI) on 
myocardial reperfusion and clinical outcome in patients with angiographically 
proven ST. 
Methods: We interrogated our PCI registry for patients with a first stent 
placement between January 2002 and May 2010 who had undergone an 
emergent repeated PCI procedure and systematically reviewed the coronary 
angiograms and hospital records for evidence of ST. 
Results: We identified 113 patients with ST. Thrombus aspiration was used 
in 51 patients and 62 patients received conventional PCI. Histopathological 
analysis of thrombus aspirates was performed in 6 patients. The use of thrombus 
aspiration predicted postprocedural TIMI 3 flow (odds ratio 3.16; 95% confidence 
interval 1.22-8.17; P=0.018) and myocardial blush grade 2/3 (odds ratio 3.20; 
95% confidence interval 1.20-8.55; P=0.020), after multivariable adjustment 
with bootstrap model selection. Distal embolization was lower in the thrombus 
aspiration group compared with the conventional PCI group (14% vs. 37%; 
P=0.017). In most patients, aspirated thrombus was large and contained platelet 
and erythrocyte components at histopathological analysis. Mortality in the 
thrombus aspiration group and conventional PCI group was 9.8% vs. 16% at 30 
days (P=0.351) and 12% vs. 21% at 1 year (P=0.220), respectively. 
Conclusions: The use of manual thrombus aspiration in patients with ST was 
associated with greater epicardial and microvascular myocardial reperfusion. 
In addition, mortality was lower in patients treated with thrombus aspiration, 
although not statistically significant.

Introduction

Thrombus aspiration during primary 
percutaneous coronary intervention 
(PCI) has shown to improve myocardial 
reperfusion and may decrease 
mortality in patients with ST-elevation 
myocardial infarction (STEMI).1-3 
Although emerging in STEMI, the role 

of thrombus aspiration in patients with 
coronary stent thrombosis (ST) has 
not been studied extensively. In the 
current study, we sought to investigate 
the impact of manual thrombus 
aspiration during PCI on myocardial 
reperfusion and clinical outcome in 
patients with angiographic evidence of 
ST (i.e. definite ST).
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Methods

Study design
Data on all patients undergoing PCI 
is routinely collected in our center. In 
order to identify patients with ST, we 
performed a systematic search in our 
electronic database on all repeated 
PCI procedures performed in 11346 
patients who had undergone a first stent 
placement between January 2002 and 
May 2010 at our center. After filtering 
out elective repeated PCI procedures, 
all remaining coronary angiograms 
were systematically reviewed for 
evidence of ST by an experienced 
cardiologist (FZ). Subsequently, ST 
was independently confirmed by two 
experienced cardiologists (BJS or 
AFH) based on coronary angiograms 
and hospital records. Also, subsequent 
angiograms and hospital records were 
reviewed for occurrence of target 
vessel revascularization (TVR) and 
recurrence of ST (re-ST). Baseline 
characteristics and follow-up were 
collected from a prospectively 
recorded database and missing data 
was completed by hospital record 
review as well as telephone interviews. 
Follow-up with regard to all-cause 30-
day and 1-year mortality was collected 
using municipal civil registries. These 
registries provide completeness of 
follow-up regarding vital status in 
>99% of patients admitted to our 
department. All patients with definite 
ST were included in this analysis.

Treatment
All patients underwent PCI and were 
pretreated with aspirin (500 mg), 
clopidogrel (600 mg), and heparin 
(5000 IU). Periprocedural glycoprotein 
IIb/IIIa inhibitors were used, unless 
contra-indicated. Thrombus aspiration 
was performed at the operator’s 
discretion. For all patients, the first 
procedural step was the passing of a 
steerable guidewire through the target 
lesion. For patients in the “thrombus 
aspiration” group, this step was 
followed by the advancing of a 6-French 
Export Aspiration Catheter (Medtronic, 
Minneapolis, Minnesota) or a 6-French 
Diver Clot Extraction Catheter (Invatec, 
Bethlehem, Pennsylvania) into the 
target coronary segment during 
continuous aspiration. For patients 
in the “conventional PCI” group, this 
step was followed by balloon dilatation 
to establish antegrade flow. When 
judged necessary by the operator, 
additional balloon dilatation and/or 
stent placement was performed in both 
groups. Patients were categorized into 
the thrombus aspiration group when 
thrombus aspiration was attempted, 
regardless of its success. Since all 
patients had ST, aspirin was usually 
prescribed indefinitely and clopidogrel 
for at least 1 year.

Histopathological analysis
Thrombus aspiration was deemed 
successful when thrombotic 
material was retrieved. In 6 patients, 
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histopathological analysis of filtered 
material obtained by thrombus 
aspiration was performed. Material 
was placed in formalin and fixed for 
24 hours. Thereafter, filtered material 
was pelleted by centrifugation in liquid 
agar 65°C in an Eppendorf tube. 
After the agar pellet was solidified 
at 4°C, it was embedded in paraffin 
using an automated tissue processor. 
Paraffin sections were cut at 4 μm 
and stained with hematoxylin-eosin 
for microscopical examination (x100). 
Immunostaining was performed to 
optimize visualization of endothelial 
cells, smooth muscle cells, and 
macrophage foam cells. Identified 
material was analyzed for the 
presence of 3 components: platelets, 
erythrocytes, and atheromatous plaque 
(defined as any fragment of vessel 
wall, cholesterol crystals, inflammatory 
cells, or collagen tissue). Size was 
classified into 5 groups: residue (very 
small filter casts of loosely cohesive 
platelets), well-formed thrombi smaller 
than 0.5 mm, 0.5 to 1.0 mm, 1.0 to 2.0 
mm, and >2 mm.

Definitions and enpoints
ST was defined as an acute coronary 
syndrome with angiographic evidence 
of thrombus or occlusion, thereby 
meeting the Academic Research 
Consortium (ARC) criteria for ‘definite’ 
ST.4 Furthermore, patients were 
classified into timing of ST by ARC 
classification: early ST (onset of ST 

0-30 days after initial stent placement), 
late ST (31-360 days), and very late 
ST (>360 days). Hypertension and 
hypercholesterolemia were defined as 
a documented history of this condition 
warranting medical therapy. Ischemic 
time was defined as time from 
symptom onset to initial intracoronary 
therapy by means of thrombus 
aspiration or balloon inflation of the 
infarct related coronary artery. TIMI 
flow and myocardial blush grade were 
recorded as previously described.5,6 
Lesion calcium was identified as radio-
opacities within the vascular wall of the 
target vessel on the angiogram. When 
multiple stents were placed, total 
stent length was defined as the sum 
of the individual stent lengths placed 
in the target coronary artery and 
minimal stent diameter was defined 
as the smallest diameter of any stent 
placed in the target coronary artery. 
Postprocedural distal embolization 
was defined as an angiographically 
visible distal filling defect with abrupt 
cut-off in the vessel located distally 
of the ST related lesion.7  Distal 
embolization could be assessed when 
epicardial coronary flow was present 
through the infarct-related lesion and 
the distal vessels were visualized. TIMI 
thrombus grade at the target lesion site 
was defined according to Gibson et 
al.8 Myocardial infarction was defined 
as recurrent symptoms with new 
ST-segment elevation and elevation 
of the levels of cardiac markers to 
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at least twice the upper limit of the 
normal range. Re-ST was defined as 
recurrence of definite ST in the target 
vessel according to the ARC criteria.4 
TVR was defined as ischemia-driven 
revascularization of the ST related 
vessel, performed by means of PCI 
or coronary artery bypass grafting 
(CABG). Occurrence of major adverse 
cardiac events (MACE) was defined as 
death, myocardial infarction, re-ST, or 
TVR.

Statistical analysis
Continuous variables were summarized 
as mean ± standard deviation or 
median and interquartile range. 
Discrete variables were presented as 
fractions and percentages. To calculate 
P-values, we used Student’s t-test 
for normally distributed continuous 
variables, Mann-Whitney U for 
nonparametric continuous variables, 
and Pearson’s χ2 test for categorical 
variables. For ordinal variables, 
the P-value for trend was obtained. 
Occurrence of MACE and its separate 
components was estimated and plotted 
using the Kaplan-Meier method and 
tested with the Log Rank test.
Multivariable logistic regression 
models with bootstrap model selection 
were fitted to assess independent 
predictors of postprocedural TIMI 3 flow 
and postprocedural myocardial blush 
grade 2 or 3. This method has been 
used previously in the context of a ST 
population to avoid an over fit model.9 

Among all baseline and procedural 
characteristics listed in Table 1 and 2, 
potential predictors of postprocedural 
TIMI 3 flow and myocardial blush 
grade 2 or 3 with a P-value <0.15 in 
univariable analysis were selected 
for multivariable analysis. For these 
variables, bootstrap selection with 200 
models was performed. Predictors 
selected in more than 140 of the 
models (70%) were included in the 
final model. Goodness of fit was 
assessed with the Hosmer Lemeshow 
test. A potentially confounding effect 
of improvements other than thrombus 
aspiration throughout our study period 
was investigated in our multivariable 
models, but was found to be absent. 
For all analyses, a P-value <0.05 (two-
tailed) was considered statistically 
significant. Statistical analyses were 
performed with SPSS, version 16.0.2 
(SPSS Inc., Chicago, Illinois) and 
Stata, version 11.0 (StataCorp, College 
Station, Texas).

Results

Between January 2002 and May 
2010, 11346 patients underwent a 
first coronary stent implantation at our 
center. Among this group, 113 patients 
(1.0%) later presented with definite ST 
and were treated with PCI; 51 patients 
(45%) were treated with thrombus 
aspiration and 62 patients (55%) were 
treated with conventional PCI. PCI 
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Table 1. Baseline characteristics
Thrombus 
aspiration Conventional PCI P

Variable (n=51) (n=62)
Age (years) 64 ± 13 63 ± 13 0.611
Men 43 (84) 44 (71) 0.093
Body mass index (kg/m2) 28 ± 5.2 27 ± 4.0 0.729

Systolic blood pressure (mm Hg) 112 ± 24 115 ± 28 0.612

Systolic blood pressure <90 mm Hg 7 (16) 11 (21) 0.508
Diastolic blood pressure (mm Hg) 64 ± 13 67 ± 18 0.390
Heart rate (bpm) 74 ± 15 77 ± 25 0.422
Hypertension 22 (46) 28 (47) 0.867
Diabetes mellitus 5 (10) 10 (16) 0.327
Hypercholesterolemia 26 (57) 23 (40) 0.087
Current smoking 24 (50) 29 (51) 0.929
Prior myocardial infarction 37 (73) 53 (87) 0.057
Prior percutaneous coronary intervention 51 (100) 62 (100)
Prior coronary artery bypass grafing 4 (7.8) 4 (6.5) 0.774
Indication for initial stent placement 0.920

Stable angina pectoris 1 (2.0) 2 (3.2)
Unstable angina pectoris 14 (28) 16 (26)
NSTEMI 6 (12) 9 (15)
STEMI 27 (54) 34 (55)
Other 2 (4.0) 1 (1.6)

Initial stent placement 0.461
Bare-metal stent 38 (75) 49 (80)
Drug-eluting stent 13 (25) 12 (20)

Total stent length (mm) 27 ± 15 27 ± 18 0.578
Minimal stent diameter (mm) 3.2 ± 0.5 3.2 ± 0.4 0.307
Multiple stent placement 17 (33) 18 (29) 0.623
ARC classification 0.009

Early stent thrombosis 25 (49) 34 (55)
Late stent thrombosis 8 (16) 20 (32)
Very late stent thrombosis 18 (35) 8 (13)

Presentation 0.062
NSTEMI 3 (6.1) 11 (18)
STEMI 46 (94) 50 (82)

Medication use on admission
Aspirin 31 (69) 38 (69) 0.983
Clopidogrel 22 (48) 34 (61) 0.193
Anticoagulant 8 (18) 13 (24) 0.474

Ischemic time (min), median (IQR) 149 (108 - 220) 173 (128 - 272) 0.109
Values are mean ± standard deviation, n (%), or median (interquartile range)
ARC, Academic Research Consortium; IQR, interquartile range; NSTEMI, non-ST-elevation myocardial 
infarction; STEMI, ST-elevation myocardial infarction
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procedures for ST were performed 
between May 2002 and July 2010.

Baseline and procedural 
characteristics
Baseline characteristics at the time 
of the ST event are shown in Table 
1. Both groups were well balanced 
with regard to baseline characteristics 
with no significant differences in age, 
sex, cardiovascular risk profile, and 
indication for initial bare-metal or drug-
eluting stent placement. However, 
timing of ST by ARC classification 
differed between the two groups 
(P=0.009), with similar rates of early 
ST (49% vs. 55%), but lower rates of 
late ST (16% vs. 32%) and higher rates 
of very late ST (35% vs. 13%) in the 
thrombus aspiration group compared 
with the conventional PCI group. 
Furthermore, 94% of patients in the 
thrombus aspiration group presented 
as STEMI compared with 82% in the 
conventional PCI group (P=0.062).
Patients treated with thrombus 

aspiration exhibited similar rates of 
multivessel coronary disease (47% 
vs. 53%; P=0.510) and preprocedural 
TIMI 0 flow (84% vs. 89%; P=0.493) 
compared with patients treated with 
conventional PCI (Table 2). However, 
the left anterior descending artery was 
less frequently the target coronary 
artery in the thrombus aspiration 
group compared with the conventional 
PCI group (39% vs. 61%). Balloon 
dilatation after thrombus aspiration 
was performed in 80% of patients in 
the thrombus aspiration group, while 
balloon dilatation was performed in all 
patients in the conventional PCI group 
(P<0.001). Additional stent placement 
was performed in equal percentages 
of patients in the thrombus aspiration 
and conventional PCI groups (61% vs. 
65%; P=0.683).

Procedural result
Procedural results are listed in 
Table 3. Post PCI, TIMI flow was 
significantly better in the thrombus 

Figure 1. Myocardial reperfusion measures as assessed by (A) TIMI flow and (B) myocardial blush 
grade. TIMI flow and myocardial blush grade were significantly higher in patients treated with 
thrombus aspiration as compared with conventional PCI (P=0.006 and P=0.011, respectively).
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aspiration group (P=0.006; Figure 1). 
TIMI 3 flow was established in 57% 
of patients in the thrombus aspiration 
group compared with 32% of patients 
in the conventional PCI group. Better 
myocardial reperfusion in the thrombus 
aspiration group was also apparent 
from differences in the postprocedural 
myocardial blush grade (P=0.011; 
Figure 1). Myocardial blush grade 2 or 
3 was established in 65% of patients 
in the thrombus aspiration group 
compared with 36% of patients in the 
conventional PCI group. Occurrence 

of distal embolization was lower in the 
thrombus aspiration group compared 
with the conventional PCI group (14% 
vs. 37%; P=0.017). In multivariable 
analysis, the use of thrombus aspiration 
was an independent predictor of 
postprocedural TIMI 3 flow (odds ratio 
3.16; 95% confidence interval 1.22 – 
8.17; P=0.018) and was selected in 
86% of the bootstrap models (Table 4). 
The use of thrombus aspiration also 
predicted postprocedural myocardial 
blush grade 2 or 3 after multivariable 
adjustment (odds ratio 3.20; 95% 

Table 2. Procedural characteristics

Thrombus aspiration Conventional 
PCI P

Variable (n=51) (n=62)
Target coronary artery 0.069

Right 19 (37) 17 (27)
Left anterior descending 20 (39) 38 (61)
Circumflex 10 (20) 6 (9.7)
Left main 0 (0) 1 (1.6)
Graft 2 (3.9) 0 (0)

Lesion calcium 19 (38) 23 (38) 0.975
Bifurcation lesion 17 (34) 29 (48) 0.150
Multivessel coronary disease 24 (47) 32 (53) 0.510
Preprocedural TIMI thrombus grade 0.787

≤3 1 (2.0) 1 (1.6)
4 7 (14) 6 (9.7)
5 43 (84) 55 (89)

Preprocedural TIMI 0 flow 43 (84) 55 (89) 0.493
Balloon dilatation 41 (80) 62 (100) <0.001
Additional stent placement 31 (61) 40 (65) 0.683

Bare-metal stent 20 (39) 30 (48) 0.329
Drug-eluting stent 11 (22) 10 (16) 0.459

Total stent length (mm) 26 ± 17 22 ± 12 0.488
Minimal stent diameter (mm) 3.3 ± 0.5 3.3  ± 0.4 0.871
Multiple stent placement 8 (16) 15 (24) 0.264
Intra-aortic balloon pump use 6 (12) 14 (23) 0.134
Glycoprotein IIb/IIIa inhibitor use 38 (75) 49 (79) 0.570
Values are mean ± standard deviation or n (%)
TIMI, thrombolysis in myocardial infarction
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confidence interval 1.20 – 8.55; 
P=0.020) and was selected in 73% 
of the bootstrap models. There was 
no evidence for lack of fit in the final 
models as assessed by the Hosmer 
Lemeshow test (P=0.241 and P=0.911, 
respectively).
Data on successful retrieval of 
thrombotic material during thrombus 
aspiration was available in 37 patients 
in the thrombus aspiration group. In 
this group, thrombus aspiration was 
successful in 29 patients (78%). In 6 
patients, histopathological analysis of 
aspirates was performed. Of these, we 
found thrombus with an erythrocyte 
component in 5 patients. Atheromatous 
plaque components were found in none 
of the aspirates. Aspirated thrombus 
was remarkably large; in 4 patients 
thrombus >2 mm was aspirated, in 1 
patient thrombus sized 1-2 mm was 
aspirated, and in 1 patient only residue 
thrombotic material was retrieved.

Clinical outcome
At 30 days, mortality was 9.8% in the 
thrombus aspiration group and 16% in 
the conventional PCI group (P=0.351). 
Other clinical endpoints in the thrombus 
aspiration group and conventional PCI 
group at 30 days were myocardial 
infarction 4.2% vs. 7.3% (P=0.551), 
re-ST 4.2% vs. 5.3% (P=0.819), TVR 
11% vs. 15% (P=0.589), and MACE 
20% vs. 31% (P=0.221), respectively. 
At 1 year, the cumulative mortality was 
12% in the thrombus aspiration group 
and 21% in the conventional PCI group 
(P=0.220; Figure 2). Other clinical 
endpoints in the thrombus aspiration 
group and conventional PCI group 
at 1 year were myocardial infarction 
15% vs. 15% (P=0.856), re-ST 9.8% 
vs. 11% (P=0.758), TVR 22% vs. 23% 
(P=0.791), and MACE 34% vs. 41% 
(P=0.391), respectively.
When stratified by timing of ST by ARC 
classification, 30-day mortality was 
20% for patients with early ST, 7.1% 

Table 3. Procedural result
Thrombus aspiration Conventional PCI P

Variable (n=51) (n=62)
TIMI flow 0.006

0/1 3 (5.9) 10 (16)
2 19 (37) 32 (52)
3 29 (57) 20 (32)

MBG 0.011
0/1 15 (35) 25 (64)
2 16 (37) 9 (23)
3 12 (28) 5 (13)

Distal embolization 6 (14) 15 (37) 0.017
TIMI thrombus grade ≥1 17 (34) 29 (48) 0.150
Side branch occlusion 3 (6.4) 14 (23) 0.021
Values are n (%)
MBG, myocardial blush grade; TIMI, thrombolysis in myocardial infarction
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for patients with late ST, and 3.8% 
for patients with very late ST (late ST 
vs. very late ST: P=0.590). At 1 year, 
these rates were early ST 27%, late ST 
7.1%, and very late ST 3.8% (late ST 
vs. very late ST: P=0.590).

Discussion

In the present observational study, we 
found that patients with ST treated 
with manual thrombus aspiration 
as compared with conventional PCI 
exhibited better postprocedural 
epicardial and microvascular coronary 
reperfusion as assessed by TIMI 
flow and myocardial blush grade, 
respectively. We observed a high rate 
of successful retrieval of thrombotic 
material in patients treated with 
thrombus aspiration. Better myocardial 
reperfusion translated into numerically 
lower 1-year mortality in patients 
treated with thrombus aspiration, 
although this did not reach statistical 

significance. Thereby, our study adds 
to the growing body of evidence in 
favor of the use of thrombus aspiration 
for ST,10-12 and, to our knowledge, 
represents the largest series to date.
It is becoming increasingly clear 
that ST is a distinct clinical entity 
often lacking satisfactory myocardial 
reperfusion and clinical outcome.13-15 
Patients with ST often present with 
a large thrombus burden and distal 
embolization,13 both of which have 
been related to adverse outcome.7,16 
The beneficial effects of thrombus 
aspiration for ST we observed in our 
study may be explained by the removal 
of local thrombus, thereby limiting 
macrovascular and microvascular 
obstruction and preventing distal 
embolization. In addition to removal 
of local thrombus, thrombus 
aspiration may improve myocardial 
reperfusion through several other 
mechanisms. First, fewer patients 
treated with thrombus aspiration 
required balloon dilatation. Prior 

Table 4. Predictors of procedural result by logistic regression with bootstrap selection

Dependent variable Covariable Odds ratio (95% CI) P

Postprocedural TIMI 3 flow Lesion calcium 5.78 (2.08 - 16.08) 0.001

Bifurcation lesion 0.21 (0.08 - 0.58) 0.003
Use of thrombus aspiration 3.16 (1.22 - 8.17) 0.018
Bare-metal stent placement 0.25 (0.09 - 0.66) 0.006
Multiple stent placement 7.01 (2.06 - 23.92) 0.002

Postprocedural MBG 2 or 3 Anticoagulant use on admission 0.26 (0.07 - 0.99) 0.048

Use of thrombus aspiration 3.20 (1.20 - 8.55) 0.020
All procedural data refers to the stent thrombosis related procedure

CI, confidence interval; MBG, myocardial blush grade; TIMI, thrombolysis in myocardial infarction
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studies have suggested that balloon 
dilatation may mobilize thrombus and 
induce distal embolization.17 Second, 
once present, distal emboli may be 
removed by the use of thrombus 
aspiration in some patients, as has 
been shown previously in patients 
with acute myocardial infarction.18 
Indeed, we observed a lower rate of 
postprocedural distal embolization 
in the thrombus aspiration group. 
Third, patients treated with thrombus 
aspiration exhibited lower rates of 
side branch occlusions. Although the 
clinical implications of this procedural 
complication are not well known,19 
some studies have suggested that 
side branch occlusions and distal 
embolization may be the main causes 
of periprocedural troponin release, 
a prognosticator of adverse clinical 
outcome.20

In 6 patients treated with thrombus 
aspiration, histopathological data 
was available. In these patients, we 
mainly retrieved large sized thrombus 
containing platelets and erythrocytes, 
but no plaque components. This 
thrombus composition is markedly 
different from a de novo STEMI 
population, where retrieved thrombus 
is generally smaller and plaque 
components are present in about 17% 
of patients.1 Although the numbers in 
our study were small, this finding is in 
line with the growing awareness that 
ST also differs from de novo coronary 
thrombosis on a pathophysiological 
level. Prior studies have suggested 
that thrombus in patients with ST is 
relatively platelet rich and has a lower 
fibrin composition and a denser fibrin 
structure, compared with thrombus 
in patients with de novo coronary 

Figure 2. One year cumulative all-cause mortality by treatment group. One year mortality was 12% in 
the thrombus aspiration group and 21% in the conventional PCI group (P=0.220).
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thrombosis.21-23 These properties may, 
in part, explain the limited success 
of reperfusion currently seen with 
fibrinolysis and PCI.
Some remarkable predictors of 
myocardial reperfusion in our 
ST population were found in our 
multivariable analyses. For instance, 
bare-metal stent placement was a 
predictor of lower postprocedural 
TIMI flow and anticoagulant use 
on admission predicted lower 
postprocedural myocardial blush 
grade. Most likely, these variables 
identify a subset of patients with more 
comorbid conditions (e.g. bare-metal 
stent placement for a patient with 
concomitant malignancy) and poorer 
procedural result, rather than directly 
explaining procedural result. Other 
factors, such as thrombus aspiration10-12 
and bifurcation lesion24 are more likely 
to exert a direct effect on procedural 
result, considering previous studies. 
Importantly, target coronary artery was 
not predictive of postprocedural TIMI 3 
flow nor myocardial blush grade 2 or 3.
At baseline, the thrombus aspiration 
group contained equal percentages 
of patients with early ST, but more 
patients with very late ST and fewer 
patients with late ST, compared with 
the conventional PCI group. According 
to some reports, the ARC classification 
‘late ST’25 or ‘very late ST’14 may be a 
predictor of mortality in patients with 
ST. To address this issue, we also 
analyzed mortality by timing of ST 
according to the ARC classification. 

We found that mortality was equal in 
patients with late and very late ST, 
but worse in patients with early ST. 
These results suggest no important 
confounding of clinical outcome by 
ARC classification in our study groups.

Limitations
It is important to consider several 
limitations of our study. First, the 
observational design of this study 
makes it susceptible to selection bias 
with regard to treatment allocation. 
However, baseline characteristics 
in the two groups were generally 
well balanced and not suggestive of 
selection bias. Moreover, we tried to 
adjust for potential confounders by 
multivariable adjustment. Still, we 
can not fully exclude the possibility of 
confounding by baseline factors that we 
did not study. Second, the sample size 
of our study was small, as is often the 
case in the relatively limited population 
of patients with ST. Therefore, it is 
likely that this study was not sufficiently 
powered to detect differences in 
clinical outcome. However, the widely 
accepted surrogate markers for 
outcome, TIMI flow and myocardial 
blush grade, did show a clear 
advantage for thrombus aspiration 
over conventional PCI. In addition, it 
is unlikely that improvements in the 
treatment of patients with ST will come 
from adequately powered randomized 
clinical trials due to the low incidence 
of ST.
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Conclusions

The use of manual thrombus 
aspiration in patients with ST was 
associated with greater epicardial and 
microvascular myocardial reperfusion. 
Fewer procedural complications such 

as distal embolization and side branch 
occlusions occurred in patients treated 
with thrombus aspiration. In addition, 
mortality was lower in these patients, 
although this did not reach statistical 
significance.
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Abstract

Background: A significant percentage of patients undergoing percutaneous 
coronary intervention (PCI) for ST-elevation myocardial infarction (STEMI) have 
multivessel disease (MVD). Currently, it is unclear what the best strategy is for 
lesions in non-infarct related vessels (IRV) which are suitable for PCI. 
Methods: Pairwise and network meta-analyses were performed of 3 PCI 
strategies for MVD in STEMI patients: (1) IRV only PCI strategy (iPCI): defined 
as PCI confined to IRV lesions only, (2) Multivessel PCI strategy (mPCI): PCI 
of IRV as well as ≥1 non-IRV lesion and (3) Staged PCI strategy (sPCI): PCI 
confined to IRV, after which ≥1 non-IRV lesions are treated during staged 
procedures. Two authors independently performed the study selection and 
data extraction. Prospective and retrospective studies were included, when the 
research subjects were patients with STEMI and MVD, undergoing PCI. Survival 
data had to be available and stratified to at least 2 of the 3 PCI strategies. The 
primary endpoint was short-term mortality.
Results: Eighteen studies, involving 40,280 patients, were included. Pairwise 
meta-analyses demonstrated that sPCI was associated with significant lower 
short- and long-term mortality rates as compared with iPCI and mPCI. In addition, 
iPCI was superior as compared with mPCI at both short- and long-term follow-
up. In the network analysis, sPCI was also consistently associated with lower 
mortality rates as compared with iPCI and mPCI.         
Conclusions: This meta-analysis supports current guidelines advising to 
perform PCI for STEMI confined to the IRV only. Significant non-IRV lesions 
suitable for PCI should only be treated during staged procedures. 

Introduction

The primary objective of percutaneous 
coronary intervention (PCI) in patients 
with acute ST-elevation myocardial 
infarction (STEMI) is to restore 
epicardial flow and myocardial 
perfusion in the infarct related vessel 
(IRV). However, the pathophysiological 
process of myocardial infarction is not 

limited to the IRV.1 It is estimated that 
40-65% of the patients presenting 
with STEMI have multivessel disease 
(MVD), which has been associated 
with worse clinical outcome as 
compared with single vessel disease.2 
Patients with MVD have in addition 
to the IRV culprit lesion, one or more 
significant lesions in non-IRV. When 
non-IRV lesions are suitable for PCI 
and coronary artery bypass grafting 
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(CABG) is not preferred, they can 
be treated according to 3 different 
strategies. After having treated the IRV, 
the operator can choose to treat non-
IRV lesions conservatively, directly by 
means of a multivessel PCI or during 
staged PCI procedures. 
Although current international 
guidelines do not recommend 
performance of PCI of non-IRV in 
patients unless there is hemodynamic 
instability (class III, level of evidence 
C),3,4 no large randomized controlled 
trials have been performed or planned 
comparing these 3 strategies. 
Therefore it remains uncertain whether 
treatment of non-IRV is required and 
when it should be performed in patients 
presenting with STEMI.
Recently, several small prospective 
and large retrospective studies have 
been published comparing these 
strategies. To evaluate the composite 
data we performed a systematic 
review of all published data to 
summarize current evidence for these 
3 PCI strategies. Pairwise meta-
analyses were performed to compare 
the 3 current PCI strategies for MVD 
in STEMI patients with each other. An 
additional network analysis was carried 
out to investigate the robustness of our 
findings and to combine both direct 
and indirect evidence about the 3 PCI 
strategies.  

Methods

Definitions of the 3 PCI 
strategies
The 3 PCI strategies for STEMI patients 
with MVD were defined as follows: 

1. The IRV only PCI (iPCI) strategy 
was defined as PCI confined to 
IRV lesions only. 

2. The Multivessel PCI (mPCI) 
strategy was defined as PCI 
in which lesions in the IRV as 
well as ≥1 non-IRV lesion were 
treated. All interventions should 
have had taken place within the 
same procedure.

3. The Staged PCI (sPCI) strategy 
was defined as PCI confined to 
IRV lesions only, after which ≥1 
lesions in non-IRV were treated 
during planned secondary 
procedure(s). 

In studies investigating solely iPCI 
versus mPCI the primary focus was 
often only on the strategy during the 
initial procedure and no details were 
given about whether or not planned 
staged procedures were allowed in 
patients treated according to the iPCI 
strategy. In these cases, studies were 
included but the applied definitions 
were extracted and used as quality 
indicator (table 2 and 3). Authors were 
contacted in case of unclear definitions. 

Study selection 
MEDLINE and Cochrane Controlled 
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Trials Register searches were 
performed to identify relevant 
articles published between 1985 
and August 2010. The following 
keywords and Medical Subject 
Headings (MeSH)-terms were used: 
“Percutaneous coronary intervention”, 
“Angioplasty”, “Stent”, “Balloon”, 
“Dilatat*”, “Multivessel”, ”Multi-vessel”, 
”staged”, “culprit”, “infarct-related”, 
“Myocard* infarct*”, “Myocardial 
Infarction[MeSH]”, “Angioplasty, 
Transluminal, Percutaneous 
Coronary[MeSH]”, “Stents[MeSH]”, 
and “Balloon Dilatation[MeSH]”. 
Reference lists of selected articles 
were reviewed for other potentially 
relevant articles. Two independent 
reviewers (PJV and KDM) performed 
the study selection.
Both prospective and retrospective 
studies were considered for inclusion. 
Studies were selected if the study 
(sub)group consisted of STEMI 
patients with MVD undergoing acute 
PCI. At least survival data had to be 
available and stratified to at least 
2 of the 3 PCI strategies for MVD. 
Studies investigating the impact of 
completeness of revascularisation 
(so comparing complete versus 
incomplete revascularisation) or 
surgical revascularisation for MVD 
were excluded. In addition, studies 
investigating PCI in elective patients 
and acute coronary syndromes with 
MVD were also excluded. No studies 
were excluded based on baseline or 
angiographic criteria. 

Data extraction
Data extraction was performed 
independently by 2 researchers 
(PJV and KDM). Information was 
collected with regard to study design, 
quality indicators, baseline clinical 
characteristics, procedural details, 
clinical outcomes and safety outcomes. 
Authors were contacted in case of 
incomplete or unclear data.

Endpoints 
The primary endpoint was short-
term (inhospital/30 days) mortality. 
Secondary endpoints were long-
term mortality, reinfarction, 
revascularization, major bleeding and 
stroke. Unless otherwise specified, 
mortality included both cardiac and 
non-cardiac death. Stroke included 
both ischemic and hemorrhagic 
stroke. Major bleeding was defined as 
the need for blood-transfusion during 
hospitalization. Reinfarction as well 
as MVD and cardiogenic shock were 
defined as reported in the studies.
Statistical methods
Absolute numbers and percentages 
of the endpoints were calculated for 
each study separately and all studies 
combined. For the direct pairwise 
meta-analyses, pooled estimates and 
95% confidence intervals (CI) were 
calculated assuming a random-effects 
model with inverse-variance weighting 
using the DerSimonian and Laird 
method to account for heterogeneity. 
The following pairs were analyzed: 
iPCI vs. mPCI, iPCI vs. sPCI and 
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mPCI vs. sPCI. Heterogeneity across 
studies was tested by the Cochran’s 
Q statistic and the I2 statistic. Funnel 
plots were used to assess potential 
publication bias. Subgroups were 
made based on design (prospective 
and retrospective studies) and shown 
for each comparison and endpoint. A 
subanalysis was performed on iPCI vs. 
mPCI in cardiogenic shock patients. 
Pairwise analyses were performed 
using Review Manager (version 
5.0.24).
A network analysis5-7 was carried out 
to investigate the robustness of our 
findings and to combine both direct 
and indirect evidence about the 3 PCI 
strategies. The analysis was carried 
out using three types of random 
effects models: a consistency model,7 
an inconsistency model,7 and a node-
splitting model.8 Vague priors were 
specified in all of the models: N(0, 
1000) for effect parameters and U(0, 
4) for variance parameters. As the 
evidence structure is a triangle, there 
is only one inconsistency factor w in 
the inconsistency model. In the node-
splitting model, we split the node dm,s 
(mPCI vs. sPCI) into direct evidence: 

sm
Dird

,

sm
Indd

,

and indirect evidence. 
sm

Dird
,

sm
Indd

,

Inconsistency was assessed by (1) 
comparing deviance information 
criterion model fit accross the 3 
models,7 (2) testing w≠0,7 and (3) 
testing:8 

 ≠

Both hypothesis tests were performed 
using the “Bayesian P-value”.8 All 
models were computed using Markov 
Chain Monte Carlo simulation in JAGS9 
and R10 using three chains with over 
dispersed initial values. The models 
were run for 300,000 iterations, after 
which convergence was assessed 
using the Brooks-Gelman-Rubin 
diagnostic.11 After this, all inference 
was based on a further 100,000 
iterations. 
All P values were 2-tailed, with statistical 
significance set at <0.05. This meta-
analysis was performed in compliance 
with published recommendations for 
meta-analyses.12

Two researchers (PJV and GV) had full 
access to and take full responsibility 
for the integrity of the data. 

Results

Eighteen studies, involving 40,280 
patients, met our inclusion criteria 
(Figure 1).13-30 All included STEMI 
patients with MVD underwent PCI. 
Of the 18 included studies, 4 studies 
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,

sm
Indd

,

sm
Dird

,

sm
Indd

,
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were prospective studies and 14 were 
retrospective studies (see table 1). 
Two retrospective studies compared 
PCI strategies between matched 
populations.15,25 Five studies compared 
all 3 PCI strategies,13-17 10 studies 
compared iPCI vs. mPCI,18-27 2 studies 
iPCI vs. sPCI,28,29 and 1 study mPCI 
vs. sPCI.30 
In the majority of the studies MVD was 
defined as a significant stenosis in ≥1 
major epicardial vessel or side branch, 
but in 2 studies a left main stenosis 
was also defined as two vessel 
disease.26,27 Significant was defined 
as ≥70% stenosis, except for 2 studies 
that used ≥50%.25,26 
Details about the quality of included 
prospective and retrospective studies 
are given in Table 2 and 3, respectively. 
In addition, details are given regarding 
the studies in which planned staged 
procedures were allowed in patients 
treated according the iPCI strategy. 
Analyses were performed on short- 
and long-term mortality. Available 
evidence on primary endpoint short-
term mortality for pairwise and 
network comparisions are shown in 
Figure 2. A proper analysis on the 
secondary endpoints reinfarction, 
revascularization, major bleeding and 
stroke was not possible because data 
was only available in a minority of the 
studies.

Rate of the three PCI strategies 
across retrospective studies
In cohort studies (total 37,436 pts)14-

17,20,21 providing rates of all 3 PCI 
strategies for MVD in their populations, 
iPCI was always the most often 
performed PCI strategy (30,260/37,436 
pts, 80.8%) as compared with mPCI 
(3,887/37,436 pts, 10.4%) and sPCI 
(3,289/37,436 pts, 8.8%). 

Baseline differences between 
the three PCI strategies
Percentages of baseline variables for 
each included study group are detailed 
in Table 4. In addition, summaries of 
baseline mean/percentages are given 
for studies included in each pairwise 
analysis. In studies comparing iPCI vs. 

Figure 1. Flow diagram of study selection. 
STEMI, ST-elevation myocardial infarction; PCI, 
percutaneous coronary intervention.
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Table 2. Q
uality of prospective studies

Prim
 author, 

publication
R

C
T

Pow
er 

calculation
B

linded assessm
ent 

of angiographic data
A

djucation of 
adverse events

ITT-
analysis

D
efinition of iPC

I 
regarding staged 

procedures
C

om
pleteness of 

survival data, %

D
i M

ario, 2004
Yes

Yes
Yes

N
o

n/a
S

taged procedures allow
ed

100

O
chala, 2004

Yes
N

o
Yes

N
o

n/a
N

o staged procedures 
allow

ed
100

P
oliti, 2010

Yes
Yes

N
o

N
o

Yes
N

o staged procedures 
allow

ed
m

ean follow
-up used

K
hattab, 2008

N
o

N
o

N
o

N
o

n/a
S

taged procedures allow
ed 

1-3 m
onths after prim

ary 
P

C
I

93

ITT, intention-to-treat; n/a, data not available.

Table 3. Q
uality of retrospective studies

Prim
 author, 

publication
C

ontrol for confounders
B

linded 
assessm

ent of 
angiographic data

Preferred PC
I strategy.

D
efinition of iPC

I regarding 
staged procedures

C
om

pleteness 
of survival 

data, %
C

avender, 2009
± (S

ubanalysis of prospective registry)
-

n/a
N

o staged procedures allow
ed

n/a
C

orpus, 2004
-

-
O

perator decision
N

o staged procedures allow
ed

100
D

ziew
ier, 2010

± (S
ubanalysis of prospective registry)

-
n/a

N
o staged procedures allow

ed
100

H
an, 2008

-
-

O
perator decision

N
o staged procedures allow

ed
99.5

H
annan, 2010* 

± (S
ubanalysis of prospective registry)

-
n/a

N
o staged procedures allow

ed
n/a

K
ong, 2006

± (S
ubanalysis of prospective registry)

-
O

perator decision
n/a

n/a
M

oham
ad, 2010              

-
-

n/a
N

o staged procedures allow
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n/a
P

oyen, 2003
-

-
M

ultivessel P
C

I
S

taged procedures allow
ed

98.8
Q

araw
ani, 2008

-
-

O
perator decision

S
taged procedures allow

ed
n/a

R
igattieri, 2007

-
-

O
perator decision

N
o staged procedures allow

ed
95.5

R
oe, 2001

-
-

O
perator decision

S
taged procedures allow

ed
100

S
chaaf, 2010

-
-

n/a
n/a

n/a
Tom

a, 2010
± (S

ubanalysis of prospective study)
-

n/a
n/a

99.7
Varani, 2008

± (S
ubanalysis of prospective registry)

-
O

perator decision
N

o staged procedures allow
ed

95.0
+, issue properly addressed; ±, issue possibly source of bias; -, issue likely to be source of bias; n/a, data not available.
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mPCI, patients treated according to 
iPCI were older (62.3 vs. 60.7yr) and 
had more frequent three vessel disease 
(32.5 vs. 28.8%). No differences were 
observed regarding sex (male, 72.7 
vs. 73.0%), diabetes (23.0 vs. 22.4%) 
and cardiogenic shock (9.4 vs. 10.2%).

The pairwise analyses 
Short-term mortality
Pooled short-term outcome data are 
detailed in Figure 3A-C. The sPCI 
strategy was superior in both the 
comparison with iPCI (OR 3.03, 95%CI 
1.41-6.51), and mPCI (OR 5.31, 95%CI 
2.31-12.21). In addition, mortality was 
lower in patients treated according to 
the iPCI strategy as compared with 
mPCI (OR 0.66, 95%CI 0.48-0.89). 
Only in the pairwise analysis of iPCI 
vs. mPCI, signs of heterogeneity were 
found across the trials (I 2=47%).
Two studies investigated iPCI versus 
mPCI in patients presenting in 
cardiogenic shock.20,26 A total of 3248 
patients were included, of which 470 

(14.4%) were treated according to the 
mPCI strategy. Short-term mortality 
was in both studies lower in patients 
treated according to the iPCI strategy 
(total effect: OR 0.68; 95%CI 0.56-
0.84, P=0.0003).

Long-term mortality
Pooled long-term outcome data are 
detailed in Figure 4A-C. Also at long-
term follow-up sPCI was associated 
with significant lower mortality rates 
as compared with iPCI, and mPCI. No 
significant heterogeneity was observed 
across trials. 

The network analysis 
All models had adequate convergence. 
There was no significant inconsistency 
in either short-term mortality (P=0.94 
in the inconsistency model, P=0.75 in 
the node-splitting model and similar 
deviance information criteria for all 
three models) or long-term mortality 
(P=0.90 in the inconsistency model, 
P=0.78 in the node-splitting model and 

Figure 2. Evidence for primary endpoint short-term mortality in A. pairwise and B. network meta-
analyses. IRV, infarct related vessel.
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similar deviance information criteria for 
all three models). 
Posterior means and 95% credibility 
intervals for the relative effects (OR) 
are shown for each comparison and 
both short- and long-term mortality in 
Figure 3 and 4. 
In addition, the rank-probability of the 
3 PCI strategies was investigated. This 
analysis demonstrated that for the 
primary endpoint short-term mortality 
the sPCI strategy had a 0.9998 
probability of being the best treatment 
as compared with iPCI (second rank 
probability of 0.94) and mPCI (third 
rank probability of 0.94). For long-term 
mortality, the rank-probability analysis 

also demonstrated that sPCI had 0.995 
probability of being the best treatment 
as compared with iPCI (second rank 
probability of 0.990) and mPCI (third 
rank probability of 0.996). 

Discussion

This meta-analysis supports current 
guidelines advising to perform PCI 
for STEMI confined to the IRV only. 
Significant non-IRV lesions should 
only be treated during planned staged 
procedures. 
It has been hypothesized that in 
selected STEMI patients (e.g. 

Figure 3A. Results of pairwise and network meta-analyses of studies comparing iPCI vs. mPCI for 
short-term mortality.
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Figure 3B. Results of pairwise and network meta-analyses of studies comparing iPCI vs. sPCI for 
short-term mortality.

Figure 3C. Results of pairwise and network meta-analyses of studies comparing mPCI vs. sPCI for 
short-term mortality
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Figure 4A. Results of pairwise and network meta-analyses of studies comparing iPCI vs. mPCI for 
long-term mortality.

Figure 4B. Results of pairwise and network meta-analyses of studies comparing iPCI vs. sPCI for 
long-term mortality.
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cardiogenic shock) PCI of non-IRV 
in the acute phase is able to reduce 
(border zone) ischemia and improve 
survival.31,32 Multivessel PCI may 
also be more convenient for the 
patient as no secondary procedures 
are necessary. In addition, there are 
logistic and economic reasons to 
perform multivessel PCI as it may limit 
staged procedures, reduces length of 
hospital stays and thereby medical 
costs. However, the present meta-
analysis found that multivessel PCI 
during the acute phase of STEMI was 
associated with higher mortality rates 
as compared with culprit only or staged 
PCI. A small subanalysis in cardiogenic 
shock patients also did not show any 
mortality benefit of a multivessel PCI 
strategy in these patients. 

Although considered safe, PCI 
remains associated with potential 
serious procedural complications, 
such as restenosis, stent-thrombosis 
and contrast-induced nephropathy.3,4 
International guidelines therefore 
recommend using PCI selectively in 
those cases in which the benefit of a 
revascularization outweighs the risk 
of complications. For elective PCI 
extensive research has resulted in the 
consensus that it should be performed 
selectively in significant coronary 
lesions that cause myocardial 
ischemia.3,4 For lesions that do 
not induce ischemia, the benefit of 
revascularization is less clear. In 
these patients an initial conservative 
medical strategy is likely to be as 
effective.3,4,33 However, in the context 

Figure 4C. Results of pairwise and network meta-analysis of studies comparing mPCI vs. sPCI for 
long-term mortality.
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of STEMI it is less clear if significant 
lesions in non-IRV should be treated 
conservatively, directly by means of a 
multivessel PCI or during staged PCI 
procedures. Our analyses indicate that 
the possible benefits of multivessel 
PCI do not outweigh the adverse 
effects associated with this aggressive 
strategy. These adverse effects are 
likely to be explained by the following 
factors.
First, the enhanced thrombotic 
and inflammatory environment of 
STEMI contributes to a higher risk of 
procedural complications as compared 
with elective procedures.34-38 Factors 
that increase that risk are related to 
the complexity and duration of the 
procedure, which is the case with 
multivessel PCI for STEMI. Although a 
secondary staged PCI may also relate 
to an increased risk of complications, 
our results indicate that the risk 
associated with a secondary staged 
PCI is lower than an acute PCI. 
Second, when performing multivessel 
PCI of significant non-IRV, the PCI 
will be performed without objective 
evidence for the presence of myocardial 
ischemia. As the actual significance 
of a stenosis may be difficult to 
determine due to several factors in 
the acute phase of STEMI,38,39 routine 
multivessel PCI of non-IRV lesions 
can result in PCI of clinical irrelevant 
lesions. The benefit of not treating 
non-IRV lesions during the acute 
phase, is that coronary angiograms 

can be discussed within a joint heart 
team to determine the best strategy 
for each individual patient.3,4 In case 
of intermediate lesions, additional non-
invasive ischemia tests and fractional 
flow reserve measurements can be 
performed before deciding to perform 
additional revascularizations.3,4,40  
Finally, although improvements of 
medical therapies and PCI techniques 
have resulted in diminishing need for 
CABG in STEMI,41-43 recent trials have 
underlined the superiority of CABG 
over PCI in patients with complex 
coronary artery disease.3,4 In the 
context of multivessel PCI during the 
acute phase the risk may exist that 
patients who would benefit more from 
a surgical approach will be increasingly 
treated with PCI. 

Limitations 
Because of limited randomized 
data, this meta-analysis included 
both prospective and retrospective 
studies. The inclusion of studies with 
different designs and retrospective 
studies is likely to have induced 
heterogeneity in the results, illustrated 
by the differences in pooled estimates 
between subgroups of prospective and 
retrospective studies. The results and 
conclusions should be interpreted with 
these limitations in mind. However, we 
have carried out a network analyses to 
assess the robustness of our findings 
and combining direct and indirect 
evidence about the three strategies. 
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In this analysis, sPCI was also 
consistently associated with significant 
lower mortality rates at both short- and 
long-term follow-up as compared with 
iPCI and mPCI. Only the comparison 
between iPCI and mPCI for short-term 
mortality lost significance. Additional 
analyses demonstrated that this was 
not due to the indirect comparisons, 
but due to the fact that the direct 
comparison in the network analysis 
was performed according to the 
Bayesian instead of the DerSimonian 
and Laird method.    
Furthermore, the analyses between 
iPCI and mPCI in the included studies 
were primarily focused on the index 
PCI procedure. Therefore in some 
studies also staged PCI was allowed 
in the iPCI group. This may have 
influenced the results; however only 
the iPCI vs. mPCI and not the other 
pairwise comparisons. In addition, 
when excluding studies who allowed 
staged PCI procedures or did not 
provide information on this, still a 
significant short term mortality benefit 

of iPCI over mPCI was observed. 
Finally, the role of timing of staged 
PCI procedures, CABG, and use 
of non-invasive ischemia testing in 
the management of MVD were not 
investigated nor discussed in the 
majority of the studies.

Conclusions

In conclusion, these data support 
current guidelines advising to perform 
PCI for STEMI confined to the infarct 
related vessel only. Significant non-IRV 
lesions suitable for PCI should only be 
treated during staged procedures. 
More prospective research should be 
performed to investigate which strategy 
is superior, in both hemodynamic 
stable and unstable STEMI patients 
(CABG vs. iPCI vs. sPCI vs. mPCI). 
We therefore propose a prospective 
international registry to investigate 
these strategies.
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Abstract

Background: Randomized clinical trials (RCTs) are considered the gold 
standard for evidence based medicine. To determine the proper sample size for 
an RCT, an accurate estimation of the event rate is crucial. Little is known about 
the prevalence, magnitude, and impact of lower than estimated event rates (i.e. 
the Hawthorne phenomenon).
Methods: The latest RCTs on 10 preselected topics in the field of cardiovascular 
interventions and devices were included and actual primary event rates in the 
control group were compared with their respective event rate estimations. We 
also assessed what proportion of the non-significant RCTs were truly negative, 
versus simply inconclusive.
Results: We included 26 RCTs randomizing 19,029 patients. The primary event 
rate in the control group was lower than estimated in 19 of the 26 RCTs (73.1%) 
resulting in a substantial relative difference between observed and estimated 
event rates (mean, -22.9%; 95% confidence interval, -33.8% to -12.0%; median, 
-16.5%; 95% confidence interval, -31.1% to -6.3%). Event rates were particularly 
lower than estimated in RCTs on biodegradable polymer drug-eluting coronary 
stents and renal artery stenting. Of the 14 single endpoint superiority trials 
with non-significant results, only 3 (21.4%) actually resulted in truly negative 
conclusions.
Conclusions: Event rates in RCTs evaluating cardiovascular interventions and 
devices are frequently lower than estimated. This underreported phenomenon 
has fundamental impact on the design of RCTs, and can have an adverse impact 
on the statistical power of these trials to answer important questions about 
therapeutic strategies.

Introduction

After their introduction in 1948, 
randomized clinical trials (RCTs) 
have rapidly evolved as a mainstay 
of evidence based clinical medicine.1 
Nonetheless, their reliability, 
validity, and generalizability strongly 
depend on the methodological rigor 
implemented to obtain results and 

draw conclusions.2 Performance 
of a sample size calculation for an 
appropriate primary endpoint is an 
essential step in this process that 
should be completed before initiating 
the trial.2,3 This step is probably equally 
challenging as it is important, since 
estimates have to be made regarding 
the event rate in the control group and 
the clinically relevant benefit of the 
experimental therapy that would yield 
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a positive trial outcome. In a recent 
RCT on renal denervation for resistant 
hypertension, blood pressure control 
improved significantly in both the 
experimental and control group.4 This 
unexpected and intriguing observation 
suggests that concurrent treatment 
and follow-up of subjects randomly 
allocated to experimental and control 
groups is not only one of the key 
features that has led us to adopt RCTs 
as the gold standard, but can also be 
a caveat when patients are doing “too 
well” and low event rates compromise 
the assumptions made in the sample 
size calculation. The finding that mere 
participation in a study can improve 
study subjects’ outcome has been 
named the Hawthorne effect.5,6 Since 
several other factors may also impact 
event rates observed in RCTs, we 
defined the Hawthorne phenomenon 
as a lower than estimated event 
rate due to any cause other than the 
efficacy of the experimental treatment. 
In the current report, we systematically 
studied the prevalence, magnitude, and 
impact of the Hawthorne phenomenon 
in contemporary RCTs evaluating 
cardiovascular interventions and 
devices.

Methods

Study design
To include an unbiased sample of 
trials, we prespecified 10 topics in the 

field of cardiovascular interventions 
and devices: 

· Biodegradable polymer drug-
eluting coronary stents (DES) in 
coronary artery disease;

· Distal embolic protection in 
primary percutaneous coronary 
intervention;

· Embolic protection in carotid 
artery stenting;

· Intra-aortic balloon 
counterpulsation in acute 
myocardial infarction complicated 
by cardiogenic shock;

· Left atrial appendage closure 
for prevention of stroke in non-
valvular atrial fibrillation;

· Mitral valve replacement for 
ischemic mitral regurgitation;

· Patent foramen ovale closure for 
cryptogenic stroke;

· Percutaneous mitral valve repair 
for mitral regurgitation;

· Renal artery stenting for 
renovascular disease;

· Transcatheter aortic valve 
replacement for aortic stenosis.

These topics were selected based 
on their contemporary nature and 
relevance to the field. Second, 
2 investigators (KDM and DRH) 
independently performed a Medline 
search to identify the latest 5 RCTs 
for each of these topics up to April 
14, 2014. All RCTs were included 
whenever the total number of trials on 
a topic was ≤5. Search terms for each 
topic are listed in the Supplemental 
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Methods. Additionally, references of 
relevant articles, reviews, and meta-
analyses were reviewed. Inclusion 
criteria for RCTs were full publication 
in a peer-reviewed journal in English 
language, randomization of ≥30 
patients into an experimental and 
control arm, and presence of a sample 
size calculation that disclosed the 
estimated event rate in at least the 
control group. We allowed the sample 
size calculation to be reported in the 
primary trial report, a study design 
paper, or a publicly accessible study 
protocol. Any discrepancies were 
resolved in consensus.

Methods of measurement
The Hawthorne phenomenon was 
defined as a lower than estimated 
primary event rate unrelated to 
the specific treatment group. We 
considered several possible causes for 
the Hawthorne phenomenon (Table 1). 
We only studied the event rate in the 
control group, since the event rate in 
the experimental group is complicated 
by the (inherently) uncertain efficacy of 
the experimental treatment. General 
trial characteristics and details on 
event rates and sample size were 
abstracted from the trial reports, study 
design papers, and study protocols. 
Furthermore, we reviewed the original 
sources on which event rate estimates 
were based (reference papers) 
to assess their study design and 
timeliness. The later was defined as the 

time gap between study closure of the 
most recent reference paper and the 
date of enrollment initiation of the RCT. 
Target sample size was defined as 
the initially planned sample size. Two 
RCTs had 2 primary efficacy endpoints 
with separate power calculations.7,8 
Results for both primary endpoints 
were listed separately, but the RCTs 
were handled as single trials in the 
aggregate analyses by averaging the 
results for both endpoints. To measure 
the possible impact of the Hawthorne 
phenomenon on trial results, we also 
assessed whether non-significant 
superiority RCTs produced a truly 
negative result.

Statistical analysis
Deviations of actual event rates and 
sample sizes from their initial estimates 
were reported as relative percentages. 
We considered a >10% lack in events 
or a >10% smaller sample size to be 
significant deviations from the initial 
estimates. Aggregate data were 
presented as means and medians 
with 95% confidence intervals (CI) and 
ranges. The mean relative difference in 
event rates was weighted by its inverse 
variance. Bivariate associations were 
assessed with Spearman’s correlation. 
Group differences were tested with 
the Mann-Whitney U test. Equality 
of variances was tested using Brown 
and Forsythe’s F statistic.9 Differences 
between paired observations were 
tested with the Wilcoxon Signed-Rank 
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test. Wald based CIs were calculated 
for non-significant superiority 
RCTs (details in the Supplemental 
Methods).10 We declared a study to be 
“truly negative” if the CI excluded the 
minimum detectable treatment effect 
used at the time of study planning. 
We examined both the absolute risk 
effect and the relative risk effect, 
as we cannot know which the study 
planners intended as the true effect 
measure. Statistical significance was 
set at P<0.05 (two-tailed). Statistical 
analyses were performed with Stata 
software, version 11.0 (StataCorp, 
College Station, Texas).

Results

Among 10,382 records, 55 RCTs 
were identified. Of these, 29 RCTs 
were excluded due to a study design 
other than treatment vs. control (n=3), 
randomization of <30 patients (n=3), 
absence of full text in English language 
(n=1), absence of a sample size 
calculation or estimated event rates 
not listed in the sample size calculation 
(n=15), and not being part of the latest 
5 trials on the topic (n=7). Thus, 26 
RCTs randomizing a total of 19,029 
patients were included in the present 
study.7,8,11-34 This included the latest 5 
RCTs on biodegradable polymer DES 
and all RCTs on the other topics, since 
≤5 eligible RCTs were published on 
each of the other 9 topics.
General trial characteristics are listed 

in Table 2. The included RCTs enrolled 
patients from 2000 through 2012. 
Seventeen RCTs were designed to 
demonstrate superiority and 9 RCTs 
had a non-inferiority design. Median 
trial duration was 2.3 years (range 0.5-
9.0 years) and the median drop-out 
rate was 2.9% (range 0.0-22.0%). 
Overall, there was clear evidence for 
the Hawthorne phenomenon (Table 3). 
The primary event rate in the control 
group was lower than estimated in 
19/26 RCTs (73.1%) translating into 
a marked relative difference between 
observed and estimated event rate 
(weighted mean, -22.9%; 95%CI, 
-33.8% to -12.0%; median, -16.5%; 
95%CI, -31.1% to -6.3%). The 
magnitude of Hawthorne phenomenon 
for each of the topics is shown in Figure 
1. Control event rates were particularly 
lower than estimated in RCTs on 
biodegradable polymer DES (5 RCTs; 
n=9170; weighted mean relative 
difference, -35.6%; 95%CI, -53.0% to 
-18.1%) and renal artery stenting (4 
RCTs; n=1977; weighted mean relative 
difference, -41.1%; 95%CI, -76.2% 
to -6.0%). A >10% lack in primary 
events in the control limb was seen 
in 16 RCTs (61.5%). Of these, 6/16 
RCTs13,22,24,27,29,30 (37.5%) addressed 
this as a concern in their reports. 
The median time gap between study 
closure of the most recent reference 
paper and enrollment initiation of the 
RCT was 4.4 years (range 0.0-11.1 
years).
In an exploratory analysis, there was 
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a trend towards a lack of events in 
longer studies (r=-0.31; P=0.13; Figure 
2B) and studies with higher drop-out 
rates (r=-0.28; P=0.18; Figure 2C). 
In addition, event rate estimates that 
were based on at least one prior RCT 
appeared to be more accurate (10 
RCTs; range of relative difference, 
-49.5% to 13.3%) as compared with 
event rate estimates that were solely 
based on non-randomized data (16 
RCTs; range of relative difference, 
-91.9% to 170.0%; P=0.097 for 
equality of variances; Figure 2C). The 
Hawthorne phenomenon did not vary 
across superiority vs. non-inferiority 
design and sample size (Figure 2A), 
nor was there a trend over time (Figure 
2D).

Two of the included trials, PROTECT-
AF21 and RESPECT,23 had an event 
driven rather than conventional 
(“sample size driven”) study design. 
In the 24 trials that were not event 
driven, the difference between actual 
and target sample size was assessed 
(Table 3). As compared with event 
rates, variations in sample size were 
less profound (Table 2; mean relative 
difference, -7.9%; 95%CI, -17.9% 
to 2.2%; median relative difference, 
0.0%; 95%CI, -1.1% to 1.0%) with 
actual sample size being smaller 
than the initial target in 7/24 RCTs 
(29.2%). Sample size was >10% 
smaller than initially planned in 6/24 
RCTs (25.0%). Of these, the trial by 
Barbato et al.19 and the STACCATO 

Figure 1. The Hawthorne phenomenon in 10 research topics in the field of cardiovascular 
interventions and devices. AMI, acute myocardial infarction; CAS, carotid artery stenting; DES, 
drug-eluting coronary stents; IABP, intra-aortic balloon counterpulsation; LAA, left atrial appendage; 
MV, mitral valve; PPCI, primary percutaneous coronary intervention; RCT, randomized clinical trial; 
TAVR, transcatheter aortic valve replacement.
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trial32 were terminated prematurely 
while the other 4 RCTs lowered their 
sample sizes after recalculations 
(details in the Supplemental Results 
and Supplemental Figure 1). These 
recalculations were often motivated 
by recruitment challenges. In none of 
the trials was an interim sample size 
recalculation performed that resulted 
in a larger sample size than initially 
planned. Nine RCTs (34.6%) yielded 

a positive outcome (superiority or 
non-inferiority), 2 non-inferiority trials 
(7.7%) demonstrated inferiority, and 
15 superiority trials (57.7%) were 
non-significant. In 14 non-significant 
superiority trials with a single primary 
endpoint, the maximum estimated 
effect as determined by the CIs was 
compared to the minimum detectable 
treatment effect prespecified in the 
sample size calculation (Figure 3 and 

Table 1. Fewer than estimated primary endpoint events

Experimental group Control group  

Experimental treatment Experimental treatment
Experimental treatment more effective 
than expected –  

Trial design

Th
e 

H
aw

th
or

ne
 p

he
no

m
en

on

Progress of overall care prior to trial initiation
Lack of prior quality data precluding accurate event rate 
estimation

“Optimism” in study planning, assuming event rates will 
be high thus requiring fewer trial participants

Modifying event rate estimations to “fit” a fixed research 
budget

Differences with reference population*

Healthier trial population due to trial eligibility criteria

Geographical and patterns of care differences between 
study population and reference population

Genetic differences between study population and 
reference population

Trial conduct

Progress of overall care during the trial

Greater physician adherence to guideline recommended 
therapies
Rigorous patient monitoring resulting in early prevention 
of complications
Selective drop-out of patients

Premature trial discontinuation (if it affects the ability of 
primary endpoint evaluation of the included patients)

Patient's reaction to trial participation – the Hawthorne effect

Psychological factors (e.g. placebo effect)

Behavioral factors (e.g. better medication compliance)

*reference population relates to the population that was used to estimate the event rate
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Table 2. Trial characteristics

Trial, reference Design Enrollment Control group Outcome Drop out
%Years Duration, y

Biodegradable polymer drug-eluting coronary stents in coronary artery disease
NEXT11 NI, multicenter 2011 0.5 Everolimus-eluting 

stent Non-inferior 0.8

TARGET-I12 NI, multicenter 2010-2012 2.1 Everolimus-eluting 
stent Non-inferior 12.8

COMPARE-II13 NI, multicenter 2009-2011 2.1 Everolimus-eluting 
stent Non-inferior 0.7

SORT-OUT V14 NI, multicenter 2009-2011 1.6 Sirolimus-eluting 
stent Inferior 0.04

NOYA-I15 NI, multicenter 2009 0.7 Sirolimus-eluting 
stent Non-inferior 15.3

Distal embolic protection in primary percutaneous coronary intervention

DEDICATION16 Sup, multicenter 2005-2006 1.6 No distal protection Neutral 3.7

Tahk et al7* Sup, multicenter 2003-2004 0.9 No distal protection Superior 41.4

Tahk et al7* Sup, multicenter 2003-2004 0.9 No distal protection Superior 2.6

ASPARAGUS17 Sup, multicenter 2002-2003 1.5 No distal protection Neutral NR

EMERALD8* Sup, multicenter 2002-2003 1.5 No distal protection Neutral 4.4

EMERALD8* Sup, multicenter 2002-2003 1.5 No distal protection Neutral 12.8

PROMISE18 Sup, single center 2005† NR No distal protection Neutral 0.0

Embolic protection in carotid artery stenting

Barbato et al19 Sup, single center 2003-2006 2.2 No emboic 
protection Neutral 0.0

IABP in AMI complicated by cardiogenic shock
IABP-SHOCK II20 Sup, multicenter 2009-2012 2.7 No IABP Neutral 0.3

Left atrial appendage closure for prevention of stroke in non-valvular atrial fibrillation
PROTECT-AF21 NI, multicenter 2005-2008 3.4 Warfarin treatment Non-inferior 0.6

Mitral valve replacement for ischemic mitral regurgitation
Acker et al22 Sup, multicenter 2009-2012 4.0 Mitral valve repair Neutral 1.6

Patent foramen ovale closure for cryptogenic stroke

RESPECT23 Sup, multicenter 2003-2011 8.3 Medical therapy Neutral 13.2

PC Trial24 Sup, multicenter 2000-2009 9.0 Medical therapy Neutral 17.6

Closure-I25 Sup, multicenter 2003-2008 5.3 Medical therapy Neutral 1.2

Percutaneous mitral valve repair for mitral regurgitation
EVEREST-II26 NI, multicenter 2005-2008 3.2 Valve surgery Inferior

Renal artery stenting for renovascular disease

CORAL27 Sup, multicenter 2005-2010 4.7 Medical therapy Neutral 1.7

RAS-CAD28 Sup, single center 2006-2008 2.5 Medical therapy Neutral 13.1

ASTRAL29 Sup, multicenter 2000-2007 7.2 Medical therapy Neutral 4.7

STAR30 Sup, multicenter 2000-2005 5.6 Medical therapy Neutral 2.9

Transcatheter aortic valve replacement for aortic stenosis
US COREVALVE31 NI, multicenter 2011-2012 1.7 Valve surgery Superior 4.8
STACCATO32 Sup, multicenter 2008-2011 2.6 Valve surgery Neutral 2.9
PARTNER A33 NI, multicenter 2007-2009 2.3 Valve surgery Non-inferior 2.0

PARTNER B34 Sup, multicenter 2007-2009 1.8 Medical therapy Superior 1.4

*two primary endpoints, results listed for each; †year of publication, enrollment period not specified

AMI, acute myocardial infarction; IABP, intra-aortic balloon counterpulsation; NI, non-inferiority; NR, not reported; Sup, superiority.
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Table 3. Event rates and sam
ple size (continued)

Trial, reference
Prim

ary endpoint
Prim

ary events
Sam

ple size
R

eference paper(s)

O
bserved

Estim
ated

R
elative 

difference, 
%

A
ctualTarget

R
elative 

difference, 
%

D
esign

Tim
e 

gap 
w

ith 
R

C
T, y

M
itral valve replacem

ent for ischem
ic m

itral regurgitation

A
cker et al 22

1y left ventricular end-systolic volum
e index, 

m
l/m

2†
54.6

80.0
-31.8

251
250

0.4
M

ixed, no R
C

T
5.0

P
atent foram

en ovale closure for cryptogenic stroke
R

E
S

P
E

C
T

23
E

arly death or 2y stroke, %
3.0

4.3
-30.2

980
N

/A
║

N
/A

║
O

bservational 
studies

6.8

P
C

 Trial 24
4.5y death/stroke/TIA

/system
ic em

bolism
, %

6.0
13.5

-55.6
414

410
1.0

M
ixed, no R

C
T

3.8

C
losure-I 25

30d death or 2y stroke/TIA
/neurological death, 

%
6.8

6.0
13.3

909
1600

-43.2
M

ixed, w
ith R

C
T

3.0

P
ercutaneous m

itral valve repair for m
itral regurgitation

E
V

E
R

E
S

T-II 26
1y death/m

itral valve surgery, dysfunction, 
regurgitation, %

27.0
10.0

170.0
279

279
0.0

O
bservational 

studies
11.1 #

R
enal artery stenting for renovascular disease

C
O

R
A

L
27

2y renal death, insufficiency, replacem
ent 

therapy/C
V-death/stroke/A

M
I/C

H
F, %

25.0
30.0

-16.7
947

1080
-12.3

O
bservational 

studies
6.0 **

R
A

S
-C

A
D

28
1y decrease in left ventricular m

ass index, g/
m

2†,§
6.1

5.2
-17.3

84
168

-50.0
R

C
Ts

9.2

A
S

TR
A

L
29

Averaged annual decline in reciprocal serum
 

creatinine, liter/μm
ol/year†

0.13
1.6

-91.9
806

1000
-19.4

P
rospective study

4.7

S
TA

R
30

2y progressive renal failure, %
22.0

50.0
-56.0

140
140

0.0
P

rospective study
2.8

Transcatheter aortic valve replacem
ent for aortic stenosis

U
S

 C
O

R
E

VA
LV

E
311y death, %

18.7
20.0

-6.5
795

790
0.6

O
bservational 

studies
5.1

S
TA

C
C

ATO
32

30d death/m
ajor stroke/renal failure, %

2.8
13.5

-79.3
70

200
-65.0

O
bservational 

study
0.0 ††

PA
R
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E

R
 A

33
1y death, %

26.8
32.0

-16.3
699

650
7.5

P
rospective 

studies
0.0 ‡‡

PA
R

TN
E

R
 B

34
1y death, %

50.7
37.5

35.2
358

350
2.3

O
bservational 

study
9.4

*tw
o prim

ary endpoints, results listed for each; †continuous outcom
e; ‡original outcom

e inverted to reflect adverse outcom
e; §higher value reflects better outcom

e; ║
event 

driven trial design; #S
ociety of Thoracic S

urgeons database also used, date of access unknow
n; **unpublished data from

 M
edical C

ollege of O
hio renal stent registry also 

used, date of access unknow
n; ††W

estern D
enm

ark H
eart R

egistry up to 2008; ‡‡data from
 ongoing studies used

A
M

I, acute m
yocardial infarction; A

P
V, tim

e-averaged peak velocity; C
H

F, congestive heart failure; C
V, cardiovascular; IA

B
P, intra-aortic balloon counterpulsation; M

R
I, 

m
agnetic resonance im

aging; N
/A

, not applicable; N
R

, not reported; R
C

T, random
ized clinical trial; TIA

, transient ischem
ic attack; TIM

I, Throm
bolysis In M

yocardial 
Infarction; TV

R
, target vessel revascularization.



Event rates in cardiovascular trials

Pa
rt

 3
 –

 T
RE

AT
M
EN

T

199

Supplemental Table 1) to assess if the 
trial produced a truly negative result. 
This analysis showed that 8/14 RCTs 
(57.1%) produced inconclusive results. 
On a relative risk scale, only 3/14 non-
significant RCTs (21.4%) produced 
truly negative conclusions based on 
the prespecified minimal relative risk 
difference. Of the 11 inconclusive 
RCTs (based on relative risk), 9 
(81.8%) observed the Hawthorne 
phenomenon. There was profound 
discrepancy between the treatment 
effect deemed to be clinically relevant 
(median relative risk reduction 55%; 
range 15% to 
81.5%) and the actual treatment 
effect the 14 non-significant trials 
were able to exclude (median relative 

risk reduction 84.9%; range 20.0% to 
899.5%; P=0.005).

Discussion

We systematically studied the 
event rates in 10 specific fields of 
cardiovascular interventions and 
devices evaluated by 26 RCTs to 
determine the presence, magnitude, 
and impact of the Hawthorne 
phenomenon (i.e. event rates lower 
than estimated in the control group). 
We found that primary event rates 
in the control group were lower than 
estimated in 19 RCTs (73.1%) with a 
mean relative difference of -22.9%. 
The Hawthorne phenomenon was 

Figure 2. Associations between trial characteristics and event rates. The Hawthorne phenomenon 
by A. sample size and study design, B. trial duration, C. drop-out rate and study design of the papers 
on which the event rate estimation was based, and D. year of enrollment initiation. RCT, randomized 
clinical trial.
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particularly present in RCTs evaluating 
biodegradable polymer DES and renal 
artery stenting. The majority of non-

significant superiority trials turned 
out to be inadequately powered to 
rule out the minimal treatment effect 
the investigators considered to be 
clinically relevant in their sample size 
calculation, resulting in inconclusive 
findings. This finding was at least 
in part caused by the Hawthorne 
phenomenon.
In an earlier study on acute stroke trials 
published between 1956 and 2001, it 
was shown that event rates were >20% 
lower than estimated in 9 of the 24 
evaluable RCTs (37.5%).35 In contrast, 
an analysis of 145 RCTs published in 
high-impact journals between 2005 
and 2006 did not find evidence of a 
systematic over- or underestimation of 
event rates.36 By using a topic based 
approach, the current report shows 
how a systematic overestimation of 
event rates may impact the body 
of randomized evidence in the field 
of cardiovascular interventions and 
devices.
The Hawthorne effect is defined as 
the positive impact of a study subject’s 
awareness of participation in a study 
on the outcome of that study. Ever 
since the initial experiments conducted 
in the 1920’s and 1930’s at the Western 
Electric Company’s Hawthorne 
Plant near Chicago, the concept is 
controversial but well known.5,6 A 
possible explanation for the Hawthorne 
effect is the positive psychological 
impact of trial participation. Indeed, a 
survey showed that 43% of patients 

Figure 3. Upper confidence interval limit of 
treatment effect versus planned minimum 
effect size of the non-significant single endpoint 
superiority trials. The x-axis shows the minimal 
treatment effect for which the investigators 
powered the trial as prespecified in the sample 
size calculation. The y-axis shows the upper 
confidence interval limit of the treatment effect 
as estimated from the RCT results. Trials in the 
white zone were effectively able to exclude the 
minimal treatment effect (i.e. truly negative). 
Trials in the gray zone could not exclude the 
possibility of a treatment effect of at least the 
size deemed to be clinically relevant by the 
investigators (i.e. inconclusive). On an absolute 
treatment effect scale 8/14 RCTs (57.1%) 
were inconclusive (panel A), while 11/14 RCTs 
(78.6%) were inconclusive on a relative risk 
scale (panel B).
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participated in a myocardial infarction 
trial in the hope of receiving better 
treatment, despite explanation of 
scientific equipoise.37 Rigorous 
monitoring of subjects in an RCT 
may also facilitate healthier behavior 
and medication compliance. This 
hypothesis is supported by the recent 
finding that drug monitoring may be an 
effective “treatment” in some patients 
thought to have resistant hypertension 
by improving medication adherence.38

As outlined in Table 1, lower than 
estimated event rates may have 
several other causes than the 
Hawthorne effect. We therefore defined 
the Hawthorne phenomenon as lower 
than estimated event rates due to any 
cause other than the efficacy of the 
experimental treatment. The trend 
towards fewer events with longer 
study duration may be explained by 
progress of overall medical care, 
such as concurrent improvements in 
hypertension management and the 
advent of statins in the generally long 
RCTs comparing renal artery stenting 
with medical therapy.30 The Hawthorne 
phenomenon also tended to be 
associated with higher drop-out rates. 
Evidence in this field is limited, but some 
studies have associated patient drop-
out with medication non-compliance39 
and higher mortality,40 thus potentially 
draining an RCT of outcomes. 
Furthermore, we found a trend towards 
more accurate event rate estimations 
when they were based on an earlier 

RCT. While it seems reasonable to 
base event rate estimates on studies 
with the same design, the literature is 
conflicting with regard to the accuracy 
of outcome estimation in RCTs and 
non-randomized studies.41-43 Eligibility 
criteria in RCTs may also result in a 
study population with a lower event 
rate. This has even been demonstrated 
in “all-comers” trials evaluating 
coronary stents.44 Finally, investigators 
may overestimate event rates due to 
“optimism” or to intentionally lower the 
required sample size and make the 
RCT fit a fixed research budget.
The Hawthorne phenomenon can 
have a detrimental impact on the 
power of an RCT. For instance, an 
RCT aiming to show a 25% relative 
risk reduction in the primary endpoint 
from 40% in the control group to 
30% in the experimental group would 
need to randomize 752 patients to 
demonstrate superiority with a power 
of 80% (at a 2-sided alpha of 0.05). 
However, a 22.9% drop in events (the 
mean difference documented in this 
study) to 30.8% in the control group 
would decrease the power of the RCT 
to show a 25% relative risk reduction to 
63.3%. Alternatively, an additional 340 
patients would need to be randomized 
to maintain 80% power. This example 
illustrates the relationship between 
the sample size and the (estimated) 
difference in event rates in the 
experimental and control group, also 
known as the delta. This relationship is 
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referred to as the inverse square law 
and implies that halving of the delta 
increases the required sample size 
with a factor 4.3 Investigators can take 
advantage of this law when designing 
a trial in the face of budgetary 
restrictions. Overestimation of event 
rates in the control group dramatically 
reduces the required sample size 
and is more likely to be accepted by 
an institutional review board than 
adjustments to the alpha or power of 
the trial. However, our study illustrates 
that this severely reduces the odds of 
a trial with conclusive results.
Our findings are of importance to all 
types of RCTs. While the Hawthorne 
phenomenon showed a similar 
prevalence across superiority and 
non-inferiority trials in our study, the 
later are of special concern. Unlike 
superiority trials, non-inferiority trials 
that use an absolute margin tend 
to show a bias towards a positive 
outcome (i.e. declaring non-inferiority) 
when event rates are lower than 
estimated.45 Our findings also apply 
to event-driven trials (PROTECT-
AF21 and RESPECT23 in our sample 
of trials). Event-driven trials do not 
have a prespecified sample size, but 
continue until a number of primary 
events are met instead. While this 
certainly has the potential to reduce 
the susceptibility to the Hawthorne 
phenomenon, a lower than estimated 
event rate still increases study duration 
and investment of resources.

Reporting of differences between 
actual and estimated event rates 
was poor in our study. This may be 
addressed in the CONSORT guidelines 
by recommending a short discussion 
on trial findings in relation to sample 
size calculation and assumptions.2 
Investigators should be encouraged 
to use more conservative event rate 
estimations, even if this requires a 
larger sample size or results in a lower 
power. Alternatively, a blinded sample 
size recalculation may be performed 
during the trial without significant alpha 
spending.46 Paradoxically, interim 
sample size recalculations were used 
in some of the RCTs we studied, but 
only to lower the sample size. We 
recognize that there is considerable 
debate on the ethical justification 
of underpowered trials. Although 
some have strongly argued against 
it,47 others have noted that well-
conducted underpowered trials can 
still provide an unbiased point estimate 
of the treatment effect, and results of 
underpowered trials may be pooled in 
adequately powered meta-analyses.3 
Regardless of this discussion, we feel 
that transparency is of key importance. 
Trial reports should readily identify 
significant deviations from the initial 
assumptions made and outline their 
implications. At present, it is very 
hard for the casual reader to identify 
underpowered trials, whether one 
condemns or accepts such practice.
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Limitations
A number of limitations of our study 
should be noted. First, we could only 
include published RCTs that had 
reported on the estimated event rate in 
their sample size calculation. This may 
have introduced a publication bias and 
a bias towards including more high-
quality RCTs. Second, the applicability 
of our results to other fields within 
and beyond cardiovascular diseases 
is unknown and warrants further 
research. Third, we assumed an equal 
impact of the Hawthorne phenomenon 
in the experimental and control groups. 
It is conceivable that this assumption 
is incorrect, especially in RCTs 
comparing an invasive procedure with 

medical therapy. Finally, our analysis of 
factors associated with the Hawthorne 
phenomenon is hampered by a limited 
number of observations and should be 
seen as merely exploratory.

Conclusions

Event rates are systematically 
overestimated in RCTs evaluating 
cardiovascular interventions and 
devices. This currently underreported 
phenomenon can have a detrimental 
impact on the statistical power and 
thus the conclusions derived from 
these RCTs.



204

References

1.Streptomycin treatment of 
pulmonary tuberculosis: a 
medical research council 
investigation. Br Med J 
1948;2:769-82. 

2.Moher D, Hopewell S, Schulz 
KF, et al. CONSORT 2010 
explanation and elaboration: 
updated guidelines for 
reporting parallel group 
randomised trials. BMJ 
2010;340:c869. 

3.Schulz KF, Grimes DA. 
Sample size calculations in 
randomised trials: mandatory 
and mystical. Lancet 
2005;365:1348-53. 

4. Bhatt DL, Kandzari DE, 
O’Neill WW, et al. A controlled 
trial of renal denervation for 
resistant hypertension. N 
Engl J Med 2014;370:1393-
401. 

5.Roethlisberger FJ, Dickson 
WJ, Wright HA, Western 
Electric Company. 
Management and the worker: 
an account of a Research 
Program conducted by the 
Western Electric Company, 
Hawthorne Works, Chicago. 
Cambridge, Mass: Harvard 
University Press; 1939. 

6.Jones SRG. Was there a 
Hawthorne effect? AJS 
1992;98:451-68. 

7. Tahk SJ, Choi BJ, Choi 
SY, et al. Distal protection 
device protects microvascular 
integrity during primary 
percutaneous intervention in 
acute myocardial infarction: 
a prospective, randomized, 
multicenter trial. Int J Cardiol 
2008;123:162-8. 

8. Stone GW, Webb J, 
Cox DA, et al. Distal 
microcirculatory protection 
during percutaneous 
coronary intervention in 
acute ST-segment elevation 
myocardial infarction: a 
randomized controlled trial. 
JAMA 2005;293:1063-72. 

9. Brown MB, Forsythe AB. 
Robust tests for the equality 
of variances. J Am Stat Assoc 
1974;69:364-7. 

10. Moher D, Dulberg CS, Wells 
GA. Statistical power, sample 
size, and their reporting in 
randomized controlled trials. 
JAMA 1994;272:122-4. 

11.Natsuaki M, Kozuma 
K, Morimoto T, et al. 
Biodegradable polymer 
biolimus-eluting stent versus 
durable polymer everolimus-
eluting stent: a randomized, 
controlled, noninferiority 
trial. J Am Coll Cardiol 
2013;62:181-90. 

12.Gao RL, Xu B, Lansky AJ, et 
al. A randomised comparison 
of a novel abluminal groove-
filled biodegradable polymer 
sirolimus-eluting stent with a 
durable polymer everolimus-
eluting stent: clinical and 
angiographic follow-up 
of the TARGET I trial. 
EuroIntervention 2013;9:75-
83. 

13.Smits PC, Hofma S, 
Togni M, et al. Abluminal 
biodegradable polymer 
biolimus-eluting stent versus 
durable polymer everolimus-
eluting stent (COMPARE II): 
a randomised, controlled, 
non-inferiority trial. Lancet 
2013;381:651-60. 

14.Christiansen EH, Jensen LO, 
Thayssen P, et al. Biolimus-
eluting biodegradable 
polymer-coated stent versus 
durable polymer-coated 
sirolimus-eluting stent in 
unselected patients receiving 
percutaneous coronary 
intervention (SORT OUT V): 
a randomised non-inferiority 
trial. Lancet 2013;381:661-9. 

15. Xu B, Dou K, Yang Y, et al. 
Nine-month angiographic and 
2-year clinical follow-up of the 
NOYA biodegradable polymer 
sirolimus-eluting stent in the 
treatment of patients with de 
novo native coronary artery 
lesions: the NOYA I trial. 
EuroIntervention 2012;8:796-
802. 

16. Kelbaek H, Terkelsen 
CJ, Helqvist S, et al. 
Randomized comparison 
of distal protection versus 
conventional treatment 
in primary percutaneous 
coronary intervention: the 
drug elution and distal 

protection in ST-elevation 
myocardial infarction 
(DEDICATION) trial. J Am 
Coll Cardiol 2008;51:899-
905. 

17. Muramatsu T, Kozuma 
K, Tsukahara R, et al. 
Comparison of myocardial 
perfusion by distal protection 
before and after primary 
stenting for acute myocardial 
infarction: angiographic 
and clinical results of a 
randomized controlled trial. 
Catheter Cardiovasc Interv 
2007;70:677-82. 

18.Gick M, Jander N, Bestehorn 
HP, et al. Randomized 
evaluation of the effects of 
filter-based distal protection 
on myocardial perfusion and 
infarct size after primary 
percutaneous catheter 
intervention in myocardial 
infarction with and without 
ST-segment elevation. 
Circulation 2005;112:1462-9. 

19.Barbato JE, Dillavou 
E, Horowitz MB, et al. A 
randomized trial of carotid 
artery stenting with and 
without cerebral protection. J 
Vasc Surg 2008;47:760-5. 

20. Thiele H, Zeymer U, 
Neumann FJ, et al. 
Intraaortic balloon support 
for myocardial infarction with 
cardiogenic shock. N Engl J 
Med 2012;367:1287-96. 

21. Holmes DR, Reddy VY, 
Turi ZG, et al. Percutaneous 
closure of the left atrial 
appendage versus warfarin 
therapy for prevention of 
stroke in patients with atrial 
fibrillation: a randomised 
non-inferiority trial. Lancet 
2009;374:534-42. 

22. Acker MA, Parides MK, 
Perrault LP, et al. Mitral-valve 
repair versus replacement 
for severe ischemic mitral 
regurgitation. N Engl J Med 
2014;370:23-32. 

23. Carroll JD, Saver JL, 
Thaler DE, et al. Closure 
of patent foramen ovale 
versus medical therapy after 
cryptogenic stroke. N Engl J 
Med 2013;368:1092-100. 

24. Meier B, Kalesan B, Mattle 



Event rates in cardiovascular trials

Pa
rt

 3
 –

 T
RE

AT
M
EN

T

205

HP, et al. Percutaneous 
closure of patent foramen 
ovale in cryptogenic 
embolism. N Engl J Med 
2013;368:1083-91. 

25. Furlan AJ, Reisman M, 
Massaro J, et al. Closure 
or medical therapy for 
cryptogenic stroke with patent 
foramen ovale. N Engl J Med 
2012;366:991-9. 

26. Feldman T, Foster E, Glower 
DD, et al. Percutaneous 
repair or surgery for mitral 
regurgitation. N Engl J Med 
2011;364:1395-406. 

27. Cooper CJ, Murphy TP, 
Cutlip DE, et al. Stenting 
and medical therapy for 
atherosclerotic renal-artery 
stenosis. N Engl J Med 
2014;370:13-22. 

28. Marcantoni C, Zanoli L, 
Rastelli S, et al. Effect of 
renal artery stenting on 
left ventricular mass: a 
randomized clinical trial. Am 
J Kidney Dis 2012;60:39-46. 

29. ASTRAL Investigators, 
Wheatley K, Ives N, et al. 
Revascularization versus 
medical therapy for renal-
artery stenosis. N Engl J Med 
2009;361:1953-62. 

30. Bax L, Woittiez AJ, 
Kouwenberg HJ, et al. Stent 
placement in patients with 
atherosclerotic renal artery 
stenosis and impaired renal 
function: a randomized 
trial. Ann Intern Med 
2009;150:840-8. 

31. Adams DH, Popma 
JJ, Reardon MJ, et al. 
Transcatheter aortic-valve 
replacement with a self-
expanding prosthesis. N Engl 
J Med 2014;370:1790-8. 

32. Nielsen HH, Klaaborg KE, 
Nissen H, et al. A prospective, 
randomised trial of transapical 
transcatheter aortic valve 
implantation vs. surgical aortic 
valve replacement in operable 

elderly patients with aortic 
stenosis: the STACCATO trial. 
EuroIntervention 2012;8:383-
9. 

33. Smith CR, Leon MB, Mack 
MJ, et al. Transcatheter 
versus surgical aortic-valve 
replacement in high-risk 
patients. N Engl J Med 
2011;364:2187-98. 

34. Leon MB, Smith CR, Mack 
M, et al. Transcatheter aortic-
valve implantation for aortic 
stenosis in patients who 
cannot undergo surgery. N 
Engl J Med 2010;363:1597-
607. 

35. Weaver CS, Leonardi-Bee 
J, Bath-Hextall FJ, Bath PM. 
Sample size calculations 
in acute stroke trials: a 
systematic review of their 
reporting, characteristics, and 
relationship with outcome. 
Stroke 2004;35:1216-24. 

36. Charles P, Giraudeau B, 
Dechartres A, Baron G, 
Ravaud P. Reporting of 
sample size calculation in 
randomised controlled trials: 
review. BMJ 2009;338:b1732. 

37. Yuval R, Halon DA, 
Merdler A, et al. Patient 
comprehension and reaction 
to participating in a double-
blind randomized clinical trial 
(ISIS-4) in acute myocardial 
infarction. Arch Intern Med 
2000;160:1142-6. 

38. Brinker S, Pandey A, Ayers 
C, et al. Therapeutic drug 
monitoring facilitates blood 
pressure control in resistant 
hypertension. J Am Coll 
Cardiol 2014;63:834-5. 

39. Goldman AI, Holcomb 
R, Perry HM,Jr, Schnaper 
HW, Fitz AE, Frohlich ED. 
Can dropout and other 
noncompliance be minimized 
in a clinical trial? Report from 
the Veterans Administrative 
National Heart, Lung and 
Blood Institute cooperative 

study on antihypertensive 
therapy: mild hypertension. 
Control Clin Trials 1982;3:75-
89. 

40. Ferrie JE, Kivimaki M, 
Singh-Manoux A, et al. Non-
response to baseline, non-
response to follow-up and 
mortality in the Whitehall 
II cohort. Int J Epidemiol 
2009;38:831-7. 

41. Sacks H, Chalmers TC, 
Smith H,Jr. Randomized 
versus historical controls 
for clinical trials. Am J Med 
1982;72:233-40. 

42. Benson K, Hartz AJ. A 
comparison of observational 
studies and randomized, 
controlled trials. N Engl J Med 
2000;342:1878-86. 

43. Golder S, Loke YK, Bland 
M. Meta-analyses of adverse 
effects data derived from 
randomised controlled trials 
as compared to observational 
studies: methodological 
overview. PLoS Med 
2011;8:e1001026. 

44. de Boer SP, Lenzen MJ, 
Oemrawsingh RM, et al. 
Evaluating the ‘all-comers’ 
design: a comparison of 
participants in two ‘all-
comers’ PCI trials with non-
participants. Eur Heart J 
2011;32:2161-7. 

45. Head SJ, Kaul S, Bogers 
AJ, Kappetein AP. Non-
inferiority study design: 
lessons to be learned from 
cardiovascular trials. Eur 
Heart J 2012;33:1318-24. 

46. Gould AL. Planning and 
revising the sample size for a 
trial. Stat Med 1995;14:1039-
51. 

47. Halpern SD, Karlawish JH, 
Berlin JA. The continuing 
unethical conduct of 
underpowered clinical trials. 
JAMA 2002;288:358-62.



206

Supplemental Methods

Search terms
The search terms used for each topic 
are listed below.

Biodegradable polymer drug-eluting 
coronary stents in coronary artery 
disease
biodegradable[All Fields] AND (“drug-
eluting”[All Fields] OR “drug eluting”[All 
Fields]) AND (“stents”[MeSH Terms] 
OR “stents”[All Fields] OR “stent”[All 
Fields])

Distal embolic protection in primary 
percutaneous coronary intervention
((“embolism”[MeSH Terms] OR 
“embolism”[All Fields] OR “embolic”[All 
Fields]) AND protection[All Fields]) 
AND (“myocardial infarction”[MeSH 
Terms] OR (“myocardial”[All Fields] 
AND “infarction”[All Fields]) OR 
“myocardial infarction”[All Fields])

Embolic protection in carotid artery 
stenting
((“embolism”[MeSH Terms] OR 
“embolism”[All Fields] OR “embolic”[All 
Fields]) AND protection[All Fields]) 
AND carotid[All Fields] AND 
(“stents”[MeSH Terms] OR “stents”[All 
Fields] OR “stent”[All Fields])

Intra-aortic balloon counterpulsation 
in acute myocardial infarction 
complicated by cardiogenic shock
“intra-aortic balloon pumping”[MeSH 

Terms] AND (“shock”[MeSH Terms] 
OR “shock”[All Fields])

Left atrial appendage closure for 
prevention of stroke in non-valvular 
atrial fibrillation
(left[All Fields] AND (“atrial 
appendage”[MeSH Terms] OR 
(“atrial”[All Fields] AND “appendage”[All 
Fields]) OR “atrial appendage”[All 
Fields])) AND (closure[All Fields] OR 
“occlusion”[All Fields])

Mitral valve replacement for ischemic 
mitral regurgitation
((“repair”[All Fields]) AND 
(“replantation”[MeSH Terms] 
OR “replantation”[All Fields] OR 
“replacement”[All Fields])) AND (“mitral 
valve insufficiency”[MeSH Terms] OR 
(“mitral”[All Fields] AND “valve”[All 
Fields] AND “insufficiency”[All Fields]) 
OR “mitral valve insufficiency”[All 
Fields] OR (“mitral”[All Fields] AND 
“regurgitation”[All Fields]) OR “mitral 
regurgitation”[All Fields])

Patent foramen ovale closure for 
cryptogenic stroke
((“foramen ovale, patent”[MeSH 
Terms] OR (“foramen”[All Fields] AND 
“ovale”[All Fields] AND “patent”[All 
Fields]) OR “patent foramen ovale”[All 
Fields] OR (“patent”[All Fields] AND 
“foramen”[All Fields] AND “ovale”[All 
Fields])) OR (“foramen ovale”[MeSH 
Terms] OR (“foramen”[All Fields] 
AND “ovale”[All Fields]) OR “foramen 
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ovale”[All Fields])) AND (closure[All 
Fields] OR “occlusion”[All Fields])

Percutaneous mitral valve repair for 
mitral regurgitation
(“mitra clip”[All Fields] OR “mitra-
clip”[All Fields] OR “mitraclip”[All 
Fields]) OR (percutaneous[All Fields] 
AND (“mitral valve”[MeSH Terms] OR 
(“mitral”[All Fields] AND “valve”[All 
Fields]) OR “mitral valve”[All Fields]) 
AND (“repair”[All Fields]))

Renal artery stenting for renovascular 
disease
(renal[All Fields] AND (“constriction, 
pathologic”[MeSH Terms] OR 
(“constriction”[All Fields] AND 
“pathologic”[All Fields]) OR 
“pathologic constriction”[All Fields] 
OR “stenosis”[All Fields])) AND 
((“stents”[MeSH Terms] OR “stents”[All 
Fields] OR “stent”[All Fields]) OR 
(“stents”[MeSH Terms] OR “stents”[All 
Fields] OR “stenting”[All Fields]))

Transcatheter aortic valve replacement 
for aortic stenosis
(“transcatheter aortic-valve”[All Fields] 
OR “transcatheter aortic valve”[All 
Fields] OR “percutaneous aortic 
valve”[All Fields] OR “percutaneous 
aortic-valve”[All Fields]) AND 
((“implantation”[All Fields]) OR 
(“replantation”[MeSH Terms] 
OR “replantation”[All Fields] OR 
“replacement”[All Fields]))

Statistical power of non-
significant superiority trials
As a measure of the impact of 
the Hawthorne phenomenon, we 
assessed the statistical power of the 
non-significant randomized clinical 
trials (RCTs) to demonstrate the 
minimal treatment effect deemed to be 
clinically relevant by the investigators 
in their sample size calculation. This 
was done by assessment of the Wald 
based confidence interval, as reported 
previously.1,2 Briefly, the (1-α)*100% 
confidence interval of the difference 
between the experimental and control 
group for the primary outcome reflects 
the range of treatment effects the 
trial could not rule out. Overlap of the 
confidence interval with the minimal 
treatment effect indicated that the 
trial was inconclusive with regard 
to ruling out this minimal treatment 
effect. If not reported, the confidence 
interval of the difference between the 
experimental and control group was 
calculated with the available data 
reported in the trial. For α, we used 
the value reported by the investigators 
for their primary endpoint analysis. 
The analysis was conducted both on 
an absolute treatment effect scale as 
well as a relative risk scale. RCTs with 
a non-inferiority design were excluded 
from the analysis. The EMERALD trial3 
assessed 2 primary efficacy endpoints 
and was therefore also excluded from 
this specific analysis, although it was a 
non-significant superiority trial.
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Supplemental Results

Reasons for smaller than 
target sample size
The trial by Barbato et al. investigating 
embolic protection versus no 
protection in carotid artery stenting 
was terminated prematurely due to 
recruitment challenges after market 
release of the distal protection 
device.4 At this point 36 patients 
were randomized, while the target 
sample size was 100 patients. Study 
termination was in agreement with the 
data and safety monitoring board.

The Closure-I trial investigating 
patent foramen ovale closure for 
cryptogenic stroke versus medical 
therapy initially aimed to include 1600 
patients.5 Due to slow recruitment and 
new data in the literature suggesting 
greater efficacy of patent foramen 
ovale closure, the sample size was 
recalculated during the trial. The new 
sample size calculation warranted 
inclusion of 800 patients, also 
accounting for a drop-out rate of 6% 
rather than 7%. The modifications to 
the sample size calculation were made 
in consultation with the Food and Drug 
Administration and without inspection 
of the outcome data. Subsequently, 
the data and safety monitoring board 
recommended increasing the sample 
size to 900 patients due to a lower than 
expected rate of evaluable patients. 
This decision was also unrelated to the 

event rate.

The CORAL trial investigating renal 
artery stenting versus medical therapy 
in renovascular disease initially aimed 
to include 1080 patients.6 Due to 
recruitment challenges, the data and 
safety monitoring board recommended 
termination of patient enrollment. 
At this point 947 patients had been 
randomized. Follow-up was extended 
to preserve statistical power.

The RAS-CAD trial investigating renal 
artery stenting versus medical therapy 
in renovascular disease initially aimed 
to include 168 patients.7 The trial 
suffered from recruitment challenges 
due to a lower than expected incidence 
of renal artery stenosis. Therefore, 
the investigators adjusted their power 
calculation. By changing the alpha 
from 0.01 to 0.05, 84 patients would 
be needed.

The ASTRAL trial investigating renal 
artery stenting versus medical therapy 
in renovascular disease initially aimed 
to include 1000 patients.8 This was 
then changed to 750 patients, because 
cross-over was lower than anticipated. 
The trial eventually included more than 
750 patients to increase the number of 
subjects for a substudy.

The STACCATO trial investigating 
transcatheter aortic valve replacement 
versus surgical valve replacement 
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for aortic stenosis initially aimed 
to include 200 patients.9 After 
inclusion of 70 patients, the data 
and safety monitoring board 
recommended termination of the 
trial due to an excess of events in 
the experimental treatment group.

Supplem
ental Table 1. Planned versus actual pow
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Supplemental Figure 1. Observed versus estimated primary event rate by actual versus target 
sample size. The black dashed lines represent a >10% lack of event rates (below horizontal line) 
and a >10% lack in sample size (left from vertical line). Note the excess variation in the vertical plane 
as compared with the horizontal plane. Differences in sample size and event rates were unrelated 
(r=0.008; P=0.97). The 2 event driven trials were omitted from this figure.
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This thesis discusses the occurrence 
and treatment of acute myocardial 
infarction with a specific focus on 
symptom onset time and symptom 
onset to treatment time.

Symptom onset
Part 1 of this thesis focuses on 
symptom onset time. Chapter 1 is 
a review article that describes the 
epidemiology, circadian variation, 
and triggers of sudden cardiac death. 
Sudden cardiac death accounts for 
over 5% of mortality in the Western 
World and can be attributed to acute 
myocardial infarction or chronic 
coronary artery disease in about 
80% of cases. Risk stratification and 
prevention of sudden cardiac death 
constitutes a major challenge as 
50% of the deaths occur in patients 
without previously diagnosed heart 
disease. Sudden cardiac death follows 
a circadian pattern with an excess 
incidence in the morning hours of 
about 30%. This pattern is believed 
to be the result of morning changes 
in (neuro)hormonal, hemodynamic, 
and prothrombotic factors, such as 
sympathetic tone, heart rate, blood 
pressure, cortisol levels, and platelet 
aggregability. Accordingly, the morning 
hours can be regarded as a trigger for 
sudden cardiac death in susceptible 
individuals. Other triggers for sudden 
cardiac death that have been identified 
include anger, mental stress, and 
physical activity. 

In chapter 2, we investigated the 
circadian, weekly, and seasonal pattern 
of coronary stent thrombosis in the 
Mayo Clinic Percutaneous Coronary 
Intervention (PCI) registry. Among 124 
patients, we found a predisposition for 
the occurrence of stent thrombosis in 
the morning hours. This pattern was 
absent or less pronounced in late 
and very late stent thrombosis (>30 
days after stent implantation). While 
we found no weekly pattern, stent 
thrombosis occurred more often in the 
summer. In an exploratory analysis, 
we identified several potential triggers 
of stent thrombosis, including physical 
exertion, medication non-compliance, 
and infections. Most of our findings 
have now been corroborated by 
simultaneous,1 and subsequent 
publications.2

The association between symptom 
onset time and biochemical infarct 
size among patients with ST-elevation 
myocardial infarction (STEMI) 
undergoing primary PCI is investigated 
in chapter 3. In a registry of 2 large 
PCI-capable centers comprising 
6799 patients, we found that infarct 
size in STEMI patients exhibits a 
circadian variation of 19% with largest 
infarct size occurring in patients with 
symptom onset at night and smallest 
infarct size in patients with symptom 
onset in the morning. This pattern was 
consistent across subgroups, with 
the exception of patients with prior 
myocardial infarction, who displayed 
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an inverse pattern. The association 
between symptom onset time and 
infarct size persisted after multivariable 
adjustment for baseline characteristics 
and ischemic time. Even so, symptom 
onset time did not predict mortality at 
1-year follow-up.
Although the presence of circadian 
variation in cardiovascular diseases 
– in particular acute myocardial 
infarction – is well established, we are 
only just beginning to understand its 
pathophysiological basis and potential 
therapeutic targets. Peripheral 
molecular clocks consisting of 
transcriptional-translational feedback 
loops with a free running period of 
24 hours have been identified in 
numerous human tissues and organs, 
including the heart.3,4 These peripheral 
molecular clocks can be synchronized 
by the central circadian clock located 
in the suprachiasmatic nucleus of 
the hypothalamus, which itself is 
synchronized by daylight. Peripheral 
molecular clocks are probably useful 
under physiological circumstances 
where they help to adapt to the 
different bodily requirements during 
the day- and nighttime. However, 
evidence is emerging that peripheral 
molecular clocks also play a role 
in disease.5 Polymorphisms of 
the Period3 gene, one of the key 
components of the molecular clock, 
differ in STEMI patients according to 
time of symptom onset, suggesting 
that different clock genotypes might 

influence the specific timing of onset of 
STEMI.6 Furthermore, an experimental 
study found that time of coronary 
occlusion greatly influenced infarct 
size in normal mice, but not in mice 
that were genetically modified to lack 
the cardiomyocyte circadian clock.7 
These findings indicate the possibility 
of circadian dependence of myocardial 
tolerance to ischemia/reperfusion 
injury. The results of this thesis 
reinforce this concept by showing that 
there is an independent association 
between symptom onset time and 
infarct size in human subjects as well.
Further elucidation of the genetic and 
molecular basis of circadian variation 
in acute myocardial infarction may 
help to identify specific targets for 
novel therapies. In the meantime, 
it is important to highlight some 
pharmacological implications of 
circadian variation in myocardial 
infarction that are often overlooked. 
In the late 1980’s, beta-blocker use 
was shown to attenuate circadian 
variation in the onset of myocardial 
infarction in the population of the ISAM 
trial.8 Similarly, the alternate-day use 
of aspirin diminished the circadian 
variation in myocardial infarction in 
the Physicians’ Health Study.9 The 
results of these studies have led some 
to believe that these drugs completely 
abolish the circadian variation in 
acute myocardial infarction. Our 
current finding of circadian variation 
in stent thrombosis argues against 
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this theory, as the vast majority of our 
study population was on these agents 
when developing stent thrombosis. 
In addition, a secondary analysis of 
the TRITON-TIMI 38 trial showed 
that the greatest absolute reduction 
in the incidence of stent thrombosis 
in patients randomized to prasugrel 
versus clopidogrel was due to a 
reduction in early morning events.2 
Thus, even in patients on both aspirin 
and clopidogrel, there seems to be a 
residual risk of thrombotic events in the 
morning hours. More potent antiplatelet 
therapy with prasugrel or ticagrelor 
may reduce this risk. Alternatively, this 
risk could be lower when antiplatelet 
therapy is administered in the evening 
rather than the morning.
Another avenue of future interest 
is the time-dependent efficacy of 
pharmacological treatment (i.e. 
chronotherapy). In a trial of 2156 
hypertensive subjects, patients 
randomized to ingestion of ≥1 
antihypertensive agent in the evening 
had better blood pressure control 
and fewer cardiovascular events after 
a median follow-up of 5.6 years as 
compared with controls who used all 
antihypertensive medications in the 
morning.10 This study shows that the 
simple act of changing the time of 
medication ingestion might exert an 
effect on clinical outcome. Along this 
line of investigation, treatment with 
the short-acting ACE-inhibitor captopril 
only benefited cardiac remodeling 

when it was administered during sleep 
time as compared with wake time in a 
mouse model of pressure overload.11 
If confirmed with different agents 
and in human subjects, night time 
administration of short-acting medicine 
could be particularly useful in patients 
that currently experience debilitating 
side-effects from long-acting agents.

Symptom onset to treatment
Part 2 of this thesis discusses 
symptom onset to treatment time. 
In chapter 4, we validated patient-
reported symptom onset time with 
biochemical onset time in 607 STEMI 
patients undergoing primary PCI. 
Biochemical onset time was estimated 
by backward modeling of serial rising 
cardiac troponin T measurements. We 
found that reported symptom onset 
time is typically later than biochemical 
onset time, with a median difference 
of 4.2 hours. This phenomenon was 
especially pronounced in the elderly, 
patients with a lower body mass 
index, patients without a history of 
PCI, and patients with residual flow 
in the culprit coronary artery. When 
reported symptom onset time was 
used to determine ischemic time, no 
association with biochemical infarct 
size or 1-year mortality was found. 
However, recalculation of ischemic 
time with biochemical onset time 
greatly enhanced its association with 
both infarct size and mortality. These 
results indicate that reported time of 
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symptom onset does not necessarily 
reflect the true time of coronary 
occlusion and that this phenomenon 
can compromise the prognostic value 
of conventional ischemic time (i.e. 
symptom onset to treatment time). 
This finding is in accordance with prior 
studies that have also noted that more 
objective measures of delay, such 
as first medical contact to treatment 
time12,13 and the presence of Q waves 
on the baseline electrocardiogram 
(ECG)14 outperform ischemic time as 
prognostic markers. When considering 
these studies, it is important to realize 
that the limited prognostic value of 
ischemic time most likely reflects an 
artifact that is induced by the subjectivity 
of (recollection of) symptom onset time 
and that minimization of ischemic time 
should remain a key goal in STEMI 
care.
One of the principal strategies to 
reduce ischemic time in STEMI patients 
is 12-lead ECG based prehospital 
diagnosis and direct referral to a 
primary PCI-capable center. In 2004, 
a prehospital triage protocol was 
implemented in the northeastern part 
of the Netherlands to facilitate this. In 
chapter 5, we assessed the coverage 
of this STEMI network by evaluating 
the incidence, predictors, and clinical 
impact of interhospital transfer for 
primary PCI after initial referral to a 
non-PCI-capable center due to a failed 
prehospital STEMI diagnosis. Among 
846 consecutive STEMI patients 

undergoing primary PCI, the incidence 
of interhospital transfer after failed 
prehospital diagnosis was still 15% 
and occurred more often in women, 
diabetics, patients with a history of 
myocardial infarction, and patients with 
STEMI onset at a greater distance of 
the PCI-capable center. Interhospital 
transfer was independently associated 
with a 47% increase in ischemic 
time, which was mainly the result of 
a relatively long door-in to door-out 
time at the non-PCI-capable center. 
One-year mortality was higher among 
patients undergoing interhospital 
transfer, although this was at least in 
part due to a more high-risk baseline 
profile. With first medical contact to 
treatment times ≤120 minutes in 90% 
of patients with a prehospital STEMI 
diagnosis, our prehospital triage 
protocol shows excellent performance 
that is comparable with other highly 
developed STEMI networks.15 
Therefore, efforts to further increase the 
proportion of STEMI patients included 
in these networks are more likely to 
improve outcome than attempts to 
further reduce delays among patients 
already diagnosed in the prehospital 
setting. This could, for instance, be 
done by lowering the threshold to 
include patients with suspected acute 
coronary syndrome and indeterminate 
ECG patterns. Delays in these patients 
are generally long, whereas they are at 
high risk of adverse outcome.16,17

While STEMI patients require rapid 
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reperfusion therapy, preferably by 
means of primary PCI, time to treatment 
is more complex in patients with non-
ST-elevation myocardial infarction 
(NSTEMI). Chapter 6 summarizes 
current evidence on the role and timing 
of coronary intervention in patients with 
NSTEMI. These patients require a risk 
assessment upon admission, ideally by 
means of a validated risk score such as 
the Global Registry of Acute Coronary 
Events (GRACE) score. Patients with 
a low baseline risk may be treated 
conservatively with an anticoagulant 
and dual antiplatelet therapy. Initial 
invasive management is usually 
preferred in patients with a higher 
baseline risk. These patients undergo 
coronary angiography and possible 
subsequent revascularization by PCI 
or coronary artery bypass grafting 
(CABG) after a pharmacological 
pretreatment regimen that is similar 
to that of the conservative group. 
In patients with non-ST-elevation 
acute coronary syndromes (NSTE-
ACS; unstable angina or NSTEMI) 
selected for an initial invasive strategy, 
the optimal timing of coronary 
angiography has been the subject of 
several randomized trials. In chapter 
7, we performed a meta-analysis of 
8 published trials randomizing 5904 
NSTE-ACS patients to early versus 
delayed invasive management to 
assess the relationship between 
timing of intervention and clinical 
outcome in NSTE-ACS patients. A 

U-shaped relationship between delay 
to intervention and the occurrence of 
myocardial infarction was found, with 
an optimal time window between 20 
and 40 hours after admission. Earlier 
invasive management probably 
increases the risk of periprocedural 
myocardial infarction, while delays 
beyond 40 hours increase the risk of 
spontaneous myocardial infarction 
in high-risk patients. While NSTE-
ACS patients do not require the 
“time is muscle” approach that 
is generally accepted in STEMI 
patients, early diagnosis and initiation 
of pharmacological pretreatment 
is clearly indicated. The first steps 
towards prehospital risk stratification 
of NSTE-ACS patients with point of 
care high-sensitivity troponin T assays 
are currently being undertaken.18 If 
proven to be feasible, paramedics 
may identify high-risk NSTE-ACS 
patients that are likely to benefit from 
initial invasive management in the 
prehospital phase, thereby allowing for 
direct initiation of medical pretreatment 
and transportation to a PCI-capable 
center. This would diminish the need 
for interhospital transfer, which still 
causes delays to intervention beyond 
40 hours in >50% of NSTE-ACS 
patients selected for an initial invasive 
approach.19

Treatment
Inhospital treatment is investigated in 
part 3. In chapter 8, we studied the 
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impact of thrombus aspiration before 
primary PCI on myocardial reperfusion 
and clinical outcome in 113 patients 
with coronary stent thrombosis. The 
use of thrombus aspiration was found 
to be independently associated with 
improved epicardial and microvascular 
myocardial reperfusion. Furthermore, 
fewer balloon dilatations were 
required in patients treated with 
thrombus aspiration and the rate of 
procedural complications such as 
distal embolization and side branch 
occlusions was lower. No significant 
differences were seen in 1-year 
mortality, although numeric mortality 
was lower in patients treated with 
thrombus aspiration in this small 
observational study. The publication 
of the TASTE trial has cast doubts on 
the clinical benefit of routine use of 
thrombus aspiration in patients with 
STEMI, as no reduction in 30-day 
mortality was found.20 The results of the 
ongoing TOTAL trial (NCT01149044) 
may help to definitively determine the 
usefulness of thrombus aspiration in 
STEMI. For now, it is reasonable to 
perform thrombus aspiration in selected 
patients. Due to their high thrombus 
load, patients with stent thrombosis 
seem to be suitable candidates for 
thrombus aspiration. This is evidenced 
by the results of our study as well as 
studies that have subsequently been 
published.21,22 However, it is important 
to note that evidence regarding the 
efficacy of thrombus aspiration in 

stent thrombosis is – and will most 
likely remain – non-randomized. The 
incidence of stent thrombosis is already 
low and will probably drop even further 
due to the uptake of new-generation 
drug-eluting stents23 and more potent 
antiplatelet therapy,24 thus making it 
extremely challenging to conduct a trial 
in these patients.
In hemodynamically stable STEMI 
patients with multivessel disease, there 
is an ongoing debate about the optimal 
treatment strategy of non-culprit 
lesions after primary PCI of the infarct 
related artery. If amenable for PCI, 
these lesions may be treated during 
the initial PCI procedure (multivessel 
PCI), during subsequent procedures 
(staged PCI), or only if clinically 
indicated during follow-up (culprit only 
PCI). In chapter 9, we conducted a 
network meta-analysis of prospective 
and retrospective studies that reported 
on clinical outcome with at least 2 of 
the 3 strategies. A total of 18 studies 
with a cumulative sample size of 
40,280 patients were included. The 
framework of a network meta-analysis 
allowed us to consider both direct 
and indirect evidence. We found that 
staged PCI was associated with the 
lowest short- and long-term mortality 
rates, followed by culprit only PCI, and 
multivessel PCI, respectively. Although 
staged PCI is now the guideline-
recommended approach in STEMI 
patients with multivessel disease, 
evidence is surprisingly limited.25 Our 
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analysis only included 4 prospective 
studies,26-29 three of which were small 
randomized clinical trials.26-28 Recently, 
the PRAMI trial has been published, 
showing a significant reduction in the 
composite of cardiac death, myocardial 
infarction, and refractory angina with 
multivessel PCI as compared with 
culprit only PCI after a mean follow-
up of 23 months.30 With a sample size 
of only 465 patients, this trial is larger 
than all previous randomized trials on 
this topic combined. But where does 
it leave us? Although the finding of a 
benefit of multivessel PCI over culprit 
only PCI appears compelling, this 
trial did not consider the currently 
recommended strategy of staged PCI. 
The CvLPRIT trial is in the late stages 
and will provide more insight into the 
impact of multivessel PCI versus culprit 
only PCI on clinical outcome in STEMI 
patients.31 In addition, larger studies 
are underway that will assess the 
role of fractional flow reserve guided 
multivessel PCI versus culprit only 
PCI (CompareAcute; NCT01399736) 
and staged PCI versus culprit only PCI 
(COMPLETE; NCT01740479).
Finally, in chapter 10, we hypothesized 
that event rates are commonly 
lower than expected in randomized 
clinical trials, which may compromise 
the statistical power to draw firm 
conclusions from the observed results. 
We selected the latest randomized 
trials on 10 preselected topics in the 
field of cardiovascular interventions 

and devices and assessed the 
observed and estimated event rate 
in the control group, as this is not 
affected by the uncertain efficacy of 
the experimental treatment. Twenty 
six trials, randomizing 19,029 patients 
were included. Event rates in the control 
group were lower than estimated in 
73% of the trials. The observed event 
rate was on average 23% lower than 
estimated and an even greater lack 
of events was seen in randomized 
trials evaluating biodegradable 
polymer drug-eluting coronary stents 
and renal artery stenting. Due to this 
lack of events, 79% of the superiority 
trials with non-significant results were 
actually “inconclusive” rather than “truly 
negative” as they could not exclude 
the possibility of a clinically relevant 
treatment effect. The results of our 
study will hopefully fuel the ongoing 
debate about the ethical justification 
of conducting underpowered clinical 
trials.32 From a methodological 
standpoint, there is nothing in the 
way of conducting a blinded interim 
sample size recalculation to arrive at 
a sample size that suits the clinical 
question the investigators are seeking 
to answer.33 National and international 
collaborations should be stimulated, to 
even allow for an appropriate sample 
size when patient recruitment and 
event rates are low and to ensure that 
budgetary restrictions do not prevent 
promising new therapies from being 
tested. In addition, novel methods to 
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reduce the costs associated with trial 
conduction, such as nesting a trial in 
existing registries and using factorial 
designs, should be further explored.20,34 
The future of evidence based medicine 
lies in large randomized trials to 

demonstrate moderate benefits that 
may translate into substantial health 
gain on a population level. This has 
been recognized more than 15 years 
ago and is probably even more true 
today.35
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Hart- en vaatziekten behoren tot een 
van de belangrijkste doodsoorzaken in 
Nederland en de rest van de Westerse 
wereld. Het centraal bureau voor 
de statistiek schat dat in 2012 ruim 
39.000 mensen overleden aan hart- en 
vaatziekten in Nederland, waarvan bijna 
10.000 aan ischemische hartziekten. 
Tot deze laatste categorie behoort ook 
het acute myocardinfarct. Het acute 
myocardinfarct wordt in de meeste 
gevallen veroorzaakt door erosie of 
ruptuur van een atherosclerotische 
plaque in een kransslagader, hetgeen 
leidt tot stolselvorming en vernauwing 
of afsluiting van deze kransslagader. In 
ernstige gevallen kan de verminderde 
doorbloeding van de hartspier die hieruit 
voortvloeit plotse hartdood tot gevolg 
hebben. Indien dit niet het geval is, zal 
de patiënt zich doorgaans presenteren 
met klachten van pijn op de borst en 
afwijkingen op het elektrocardiogram 
(ECG) die correleren met de mate 
van afsluiting van de kransslagader 
en waarnaar de subtypen van het 
myocardinfarct vernoemd zijn. Bij een 
ST-elevatie myocardinfarct (STEMI) is 
er doorgaans sprake van een volledige 
afsluiting van de kransslagader, terwijl 
bij een non-ST-elevatie myocardinfarct 
(NSTEMI) de afsluiting meestal 
onvolledig is. De behandeling van het 
acute myocardinfarct heeft als doel 
de doorbloeding van de hartspier te 
herstellen en bestaat uit een combinatie 
van medicamenteuze therapie en een 
dotterbehandeling, ook wel percutane 

coronaire interventie (PCI) genoemd. 
Bij een PCI procedure wordt meestal 
een stent geïmplanteerd omdat dit het 
openblijven van de kransslagader op 
langere termijn bevordert.

Dit proefschrift beschrijft het optreden 
en de behandeling van het acute 
myocardinfarct met specifieke 
aandacht voor de rol van het tijdstip 
van optreden van klachten en de tijd 
van klachten tot behandeling hierin. 
Het onderzoek voor dit proefschrift 
bestaat uit drie onderdelen.

In het eerste deel wordt het tijdstip van 
optreden van klachten onderzocht. Van 
het myocardinfarct is bekend dat het 
een 24-uurspatroon vertoont met een 
piekincidentie in de ochtenduren. Deze 
zogenaamde circadiane variatie wordt 
toegeschreven aan onder andere een 
plotse toename in sympaticus tonus, 
bloeddruk, hartslag en trombogeniciteit 
in de ochtend. Ook van plotse hartdood 
wordt verondersteld dat het onderhevig 
is aan circadiane variatie. Hoofdstuk 
1 is een literatuuroverzicht waarin de 
epidemiologie, circadiane variatie, 
en uitlokkende factoren van plotse 
hartdood worden beschreven. Plotse 
hartdood is verantwoordelijk voor 
meer dan 5% van de mortaliteit in de 
Westerse wereld en wordt in ongeveer 
80% van de gevallen veroorzaakt 
door ischemische hartziekten. De 
ochtenduren kunnen gezien worden 
als een uitlokkende factor voor plotse 
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hartdood, daar het op dit tijdstip 30% 
vaker voorkomt dan op basis van 
toeval verwacht mag worden. Naast 
de ochtenduren zijn er in de literatuur 
diverse andere uitlokkende factoren 
voor plotse hartdood geïdentificeerd, 
waaronder boosheid, stress, en 
lichamelijke inspanning.
In hoofdstuk 2 werd de verdeling van 
het optreden van stent trombose over 
de dag, week en seizoenen onderzocht 
in de database van de Mayo Clinic. 
Stent trombose is een relatief 
zeldzame maar gevreesde complicatie 
na stent implantatie in het kader van 
een PCI procedure. We vonden een 
predispositie voor het optreden van 
stent trombose in de ochtenduren in 
124 patiënten. Dit patroon was met 
name aanwezig in patiënten waarbij de 
getromboseerde stent minder dan een 
maand geleden geïmplanteerd was. 
Daarnaast werd geconstateerd dat 
het optreden van stent trombose gelijk 
verdeeld was over de week, maar wel 
vaker in de zomer voor leek te komen. 
Andere factoren die mogelijk stent 
trombose uitlokten in deze patiënten 
waren therapieontrouw, lichamelijke 
inspanning en infecties.
In hoofdstuk 3 werd onderzocht of 
er sprake is van circadiane variatie 
in infarctgrootte in STEMI patiënten. 
Hiertoe werd gebruik gemaakt van 
de gegevens van 6799 patiënten 
die primaire PCI ondergingen in 
Groningen en Zwolle. Infarcten die 
gepaard gingen met het optreden 

van klachten in de nacht waren 
het grootste, terwijl infarcten die ’s 
ochtends optraden gemiddeld 19% 
kleiner waren. Dit patroon kon niet 
verklaard worden door variaties in 
patiënt karakteristieken of tijd van 
klachten tot behandeling. In patiënten 
die reeds eerder een myocardinfarct 
hadden doorgemaakt werd een 
omgekeerd patroon gevonden. Deze 
bevindingen impliceren dat de hartspier 
in de ochtend mogelijk beter bestand is 
tegen een voorbijgaande episode van 
ischemie.

In het tweede deel van het proefschrift 
staat de tijd van het optreden van 
klachten tot behandeling centraal. In 
STEMI patiënten wordt dit tijdsinterval 
ook wel de ischemietijd genoemd. Het is 
zaak STEMI patiënten zo snel mogelijk 
middels primaire PCI te behandelen, 
omdat een langere ischemietijd is 
geassocieerd met meer infarctschade 
en een slechtere klinische uitkomst. Bij 
conventie is de start van de ischemietijd 
het door de patiënt gemelde tijdstip 
van optreden van klachten. Dit is 
echter subjectieve informatie die 
mogelijk niet overeenkomt met het 
daadwerkelijke tijdstip van afsluiting 
van de kransslagader. In hoofdstuk 
4 valideerden we het tijdstip van 
optreden van klachten met het beloop 
van troponine T, een marker van 
hartschade in het bloed, in 607 STEMI 
patiënten uit de Mayo Clinic die primaire 
PCI ondergingen. We stelden vast dat 
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het tijdstip van optreden van klachten 
in deze patiënten 4.2 uur later was 
dan op basis van troponine T waarden 
verwacht mocht worden. Dit fenomeen 
was met name uitgesproken bij oudere 
patiënten, patiënten met een lager 
lichaamsgewicht, patiënten die voor het 
eerst PCI ondergingen en bij patiënten 
waarbij de kransslagader onvolledig 
was afgesloten. De prognostische 
waarde van de ischemietijd verbeterde 
indien deze berekend werd aan de 
hand van troponine T waarden in 
plaats van tijdstip van optreden van 
klachten.
Prehospitale diagnose door 
ambulancepersoneel en directe 
verwijzing naar een centrum met 
PCI mogelijkheden is een effectieve 
methode gebleken om de ischemietijd 
zo kort mogelijk te houden in STEMI 
patiënten. In hoofdstuk 5 onderzochten 
we hoe vaak prehospitale diagnose 
faalt in Noordoost-Nederland en wat 
hiervan de consequenties waren in 846 
patiënten. De diagnose “STEMI” werd in 
15% van de gevallen niet prehospitaal 
gesteld, waardoor overplaatsing 
vanuit een centrum zonder PCI 
mogelijkheden noodzakelijk was. Dit 
verlengde de ischemietijd met 47% en 
kwam relatief vaker voor in vrouwen, 
diabeten, patiënten met een eerder 
doorgemaakt myocardinfarct en in 
patiënten waarbij de afstand tot het 
PCI centrum groter was. De mortaliteit 
in overgeplaatste patiënten was hoger, 
maar dit was grotendeels te verklaren 

door hun slechtere risicoprofiel.
Waar STEMI patiënten zo snel 
mogelijk middels primaire PCI 
behandeld moeten worden, ligt dit in 
patiënten met een NSTEMI complexer. 
In hoofdstuk 6 wordt de rol en timing 
van een invasieve behandelstrategie 
in NSTEMI patiënten beschreven. 
Bij opname dient in deze patiënten 
een risico-inschatting aan de hand 
van een gevalideerde risicoscore 
plaats te vinden. Laagrisicopatiënten 
kunnen onder goede observatie vaak 
medicamenteus behandeld worden. 
Indien het risico hoger is, wordt na 
medicamenteuze voorbehandeling 
vaak een invasief traject ingeslagen 
dat bestaat uit coronaire angiografie 
met aansluitend mogelijk een PCI 
procedure of coronaire bypass 
chirurgie. Het vroeg of laat inzetten 
van een dergelijk invasief traject is 
in verschillende gerandomiseerde 
klinische trials onderzocht. In 
hoofdstuk 7 bundelden we de 
resultaten van 8 studies om de 
optimale timing van invasieve 
behandeling te bepalen in 
5904 patiënten met instabiele 
angina pectoris of NSTEMI.  We 
concludeerden dat de beste klinische 
uitkomst werd verkregen wanneer 
invasief management 20-40 uur na 
opname werd geëffectueerd.

Het laatste deel richt zich op 
behandelstrategieën. Voorafgaand 
aan een PCI procedure kan trombus 
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aspiratie verricht worden. Het 
wegzuigen van stolsel tijdens deze 
handeling lijkt op theoretische gronden 
erg geschikt voor patiënten met stent 
trombose. Excessieve stolselvorming 
en obstructie van de vasculatuur beperkt 
namelijk het succes van conventionele 
PCI bij deze patiënten. In hoofdstuk 8 
werd het effect van trombus aspiratie 
voorafgaand aan PCI op het herstel 
van de doorbloeding van het myocard 
en klinische uitkomst onderzocht in 
113 patiënten met stent trombose. 
We vonden dat het verrichten van 
trombus aspiratie een onafhankelijke 
voorspeller was van verbeterde 
epicardiale en microvasculaire 
myocard reperfusie. Daarnaast traden 
minder procedurele complicaties op 
in patiënten die trombus aspiratie 
ondergingen. Mortaliteit na 1 jaar leek 
lager in patiënten die met trombus 
aspiratie behandeld waren, alhoewel 
deze studie te klein was om hier ferme 
uitspraken over te kunnen doen.
Naast de afgesloten (‘culprit’) 
kransslagader die het myocardinfarct 
veroorzaakt, worden in een deel van de 
STEMI patiënten aanvullende laesies 
gevonden tijdens de primaire PCI 
procedure. Als niet wordt gekozen voor 
coronaire bypass chirurgie, kunnen 
deze laesies behandeld worden tijdens 
de initiële PCI procedure (meervats 
PCI), tijdens een latere PCI procedure 
(gestageerde PCI), of conservatief 
behandeld worden (culprit PCI). 
Welke behandelstrategie resulteert 

in de beste klinische uitkomst is nog 
onduidelijk. In hoofdstuk 9 bundelden 
we alle gepubliceerde studies op 
dit gebied om te bepalen bij welke 
strategie de mortaliteit het laagste 
was. We includeerden 18 studies 
met een totaal patiëntenaantal van 
40.280. Analyse van deze studies liet 
zien dat gestageerde PCI resulteerde 
in de laagste mortaliteit na 30 dagen 
en 1 jaar, gevolgd door respectievelijk 
culprit PCI en meervats PCI.
Tenslotte werd in hoofdstuk 
10 de hypothese getoetst dat 
gerandomiseerde klinische trials naar 
niet-medicamenteuze interventies voor 
hart- en vaatziekten door een gebrek 
aan klinische eindpunten moeite 
hebben definitieve conclusies aan hun 
resultaten te verbinden. Er werden 
10 niet-medicamenteuze therapieën 
geselecteerd, waarna per onderwerp 
de laatste trials werden gezocht. Het 
totale aantal studies was 26, met 
een cumulatief patiëntenaantal van 
19.029. De incidentie van het primaire 
eindpunt in de controlegroep was in 
73% van de trials lager dan verwacht; 
gemiddeld genomen was het verschil 
tussen de daadwerkelijke incidentie 
en de verwachte incidentie 23%. Door 
dit gebrek aan eindpunten kon een 
klinisch relevante gezondheidswinst 
niet uitgesloten worden in 79% van 
de trials die claimden dat een nieuwe 
therapie niet beter was dan de 
standaardbehandeling.
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Voor een promotietraject bestaat geen 
draaiboek. Je duikt er in en gaandeweg 
leer je het vak dat onderzoek doen 
heet van de mensen om je heen. In 
dat kader ben ik meer mensen dank 
verschuldigd dan ik op deze pagina’s 
kwijt kan. Toch wil ik de volgende 
personen in het bijzonder vermelden.

Mijn promotor, Prof. dr. J.L. Hillege. 
Beste Hans, pas in een later stadium 
raakte je bij mijn onderzoek betrokken. 
Ik ben je erg dankbaar voor de 
flexibiliteit en vrijheid die je me in 
die periode hebt gegeven. Door je 
ontspannen en informele houding 
kon ik met een gerust hart de wildste 
ideeën bij jou kwijt. Hierbij probeerde 
je me dan niet in het gareel te houden, 
maar keek je hoe het gefaciliteerd kon 
worden. Kritisch waar nodig, maar 
bovenal behulpzaam.

Mijn co-promotores, Dr. B.J.G.L. 
de Smet en Dr. M.W.N. Nijsten. 
Beste Bart, ik weet nog goed dat je 
commentaar gaf op de inleiding van 
een van de eerste stukjes die ik als 
geneeskundestudent had geschreven: 
‘Mooi stukje proza, heb je dat zelf 
geschreven?’. Dat ‘stukje proza’ 
heeft de bladen uiteindelijk natuurlijk 
nooit gehaald… Later bestond onze 
samenwerking voor een belangrijk 
deel uit het scoren van angiogrammen 
en ECG’s, waardoor we aardig wat 
tijd op de hartkatheterisatie hebben 
doorgebracht. De moeite was niet 
voor niets, want er is een aantal mooie 

publicaties uit voortgekomen.

Beste Maarten, ondanks het feit 
dat jouw expertise meer richting de 
intensive care ligt, ben je in mijn 
promotietraject de meest constante 
factor geweest. Onze meetings 
liepen vaak uit, waarbij onderzoek 
in de breedste zin bediscussieerd 
werd. Ook hoefde ik er bij jou nooit 
bang voor te zijn dat onderzoekswerk 
vluchtig werd nagekeken. Je miste 
geen detail. Ik heb veel bewondering 
voor je veelzijdigheid, je kennis op 
zowel klinisch als technisch vlak en 
ik hoop dat je succes zult boeken 
bij het realiseren van je verdere 
onderzoeksambities.

Graag wil ik Prof. dr. M.J. de Boer, Prof. 
dr. R.A. de Boer en Prof. dr. W.H. van 
Gilst bedanken voor hun deelname 
aan de beoordelingscommissie.

Prof. dr. D.R. Holmes Jr. Dear David, 
altogether I spent about a year at the 
Mayo Clinic to engage in research 
with you. It has been a wonderful 
experience that I will never forget. You 
are a great mentor and your enthusiasm 
is contagious. As you can see, our 
research encompasses a substantial 
portion of this thesis. On a personal 
level we also get along very well. I 
greatly appreciated the holiday dinners 
with you and your family. Hopefully, 
you will be able to accept my invitation 
to come to the Netherlands and be part 
of the graduation ceremony.



232

Prof. dr. F. Zijlstra. Beste Felix, met 
jouw woorden ‘welkom aan boord’ ging 
mijn promotietraject in 2010 van start. 
Ondanks het feit dat je niet lang daarna 
naar Rotterdam bent vertrokken heb je 
toch je stempel weten te drukken op dit 
proefschrift. Met je rustige uitstraling 
heb je de gave mensen het gevoel te 
geven dat je alle tijd voor ze hebt.

Voor hun bijdrage aan de verschillende 
hoofdstukken wil ik in het bijzonder 
Dr. A.F.M. van den Heuvel, Dr. I.C.C. 
van der Horst, Dr. E. Lipsic, Dr. W. 
Nieuwland en Dr. R. de Vos bedanken.

Arnold Dijk, Carla Hooijschuur 
en Bernard Dorhout voor hun 
ondersteuning bij diverse technische 
en organisatorische aspecten.

Magda Munstra, Alma Guikema en 
Audrey van der Velden voor hun 
uitstekende ondersteuning vanuit het 
secretariaat. En ook gewoon voor een 
praatje in de wandelgangen natuurlijk.

Alle collegae uit het Triadegebouw, 
zowel van de ischemie groep (Pieter-
Jan, Marieke, Miriam, Marthe, Wouter, 
Chris, Hilde, Minke en Ruben) als 
daarbuiten (Marcelle, Ismaël, Frank, 
Nicolas, Liza, Rob, Lennaert, Arjen, 
Suzan, Hessel, Willem Peter, Mattia, 
Bart, Mark-Jan, Vincent, Ali, Anne B, 
Jardi, Renée, Ymkje, Sven, Gijs, Anne 
H, Thomas, Eline, Biniyam, Jozine, 
Licette, Ernaldo, Rosanne, Bastiaan, 
IJsbrand, Hanna en Marlies). Jullie 
brachten veel gezelligheid op de 

werkvloer, vrijdagmiddagborrels, 
cursussen en congressen.

Youlan, jouw bijdrage verdient aparte 
vermelding. Als student ging ik met 
een klein onderzoeksproject bij je in 
de leer. Enkele jaren later werden we 
collega’s. En dat onderzoeksproject? 
Dat werd groter en groter en vond na 
maarliefst vijf jaar een plekje in een 
mooi blad.

Mijn vrienden van Licht ’07. In wezen 
waren de jaren als wedstrijdroeier 
een uitstekende voorbereiding op een 
promotietraject. De overeenkomsten 
zijn treffend. Dag in dag uit je uiterste 
best doen om in de buurt te komen van 
de onrealistisch hoge doelstellingen 
die je jezelf hebt gesteld om er 
uiteindelijk achter te komen dat het 
pad naar het eindresultaat misschien 
wel waardevoller was dan het 
eindresultaat zelf.

Mijn ouders, mijn broertje Remi, oma 
en alle andere familie. Jullie waren 
altijd geïnteresseerd in de vorderingen 
van mijn onderzoek. Ik ben ontzettend 
trots dit moment met jullie te mogen 
delen. Dia, Niki, ik had me geen betere 
ouders kunnen wensen. Zonder jullie 
was dit proefschrift er niet geweest. 
Remi, als jij later niet een van ’s lands 
beste artsen wordt weet ik het ook niet 
meer.

Lieve Marianne, mijn promotie 
avontuur is voor jou niet altijd makkelijk 
geweest. We hebben elkaar twee keer 
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een half jaar moeten missen en als het 
allemaal even wat minder ging was jij 
vaak het eerste aanspreekpunt. Ik ben 
je enorm dankbaar voor je steun door 

dik en dun en alle gelukkige momenten 
die we hebben gedeeld de afgelopen 
jaren. Op naar het volgende avontuur!
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