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Then you say about him: “One who has a raised blister in his chest: an ailment I will 
handle with cool media (applied) to that blister that is in his chest.”

Fragment of the edwin smith papyrus, the world oldest medical document written in 
about 1600 B.C., describing treatment with hypothermia.

“Fill her up please”

James Bond in Octopussy (1983)
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1general Introduction

1.1 tHe DIseAse: ACute MyOCArDIAL INFArCtION

1.1.1 Setting the stage
the human heart is a muscular organ, which pumps blood to the other organs 
and to itself. After being ejected into the aorta, blood reaches the heart muscle or 
myocardium via the left and right coronary arteries. 
Within the inner lining of the coronary arteries an atherosclerotic plaque may develop, 
which is a hardened, stiffened, and swollen layer with calcium deposits, fibrous 
tissue, fatty deposits, and inflammatory cells. this plaque possesses an unpredictable 
and vulnerable structure and may rupture, exposing circulating blood to the highly 
thrombogenic core and matrix materials in the plaque.1 this may lead in turn to clot 
(or thrombus) formation within the coronary artery causing a partial interruption of 
the blood flow or a total blockage. this leads to a lack of oxygen and nutrients of the 
myocardium, a condition called myocardial ischemia. If this ischemia is prolonged, 
irreversible damage to the myocardium follows, a condition called acute myocardial 
infarction (AMI). A patient often notices this ischemia through experiencing chest 
discomfort along with sweating, nausea and anxiety, but other and not so typical 
symptoms may occur. 
eventually, when this blockage is not removed, the affected myocardium becomes 
necrotic and finally fibrotic, causing a scar within the heart muscle. this scar tissue, 
the infarct area, does not take part anymore in the contraction of the heart and may, 
if the scar is large, impair the hearts contractile function resulting in progressive 
chronic heart failure. 

1.1.2 Epidemiology
the above-described acute myocardial infarction (AMI) is the most acute manifestation 
of coronary heart disease, which comprises a continuum from asymptomatic coronary 
atherosclerosis, via stable and unstable angina, to Non st-elevation and st-elevation 
myocardial infarction. Coronary heart disease as a whole comprises the leading cause 
of death worldwide accounting for 1.8 million deaths each year in europe and costing 
the european union €60 billion yearly.2 In the Netherlands, more than 10.000 people 
die annually from coronary heart disease of which approximately 6.800 as a result of 
AMI.3 
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as to development of cardiopulmonary resuscitation and better training of physicians 
and nurses. DeWood pioneered by performing coronary angiography during AMI, 
demonstrating for the first time that a total coronary occlusion is frequent during the 
early hours of transmural infarction9. In the 1970s, studies by Chazov and rentrop 
demonstrated that the intracoronary infusion of streptokinase could dissolve thrombi 
and as a result limit infarct size.10,11 this was shortly followed by randomized controlled 
trials on intravenous infusion of thrombolytic agents demonstrating a consistent 
reduction in mortality.12,13

unsurprisingly, thrombolytic therapy carries the risk of bleeding. It has been associated 
with an increase in the number of cerebral strokes, most of them haemorrhagic, of 3.9 
per 1,000 patients treated. Occurrence of systemic bleeding requiring transfusion was 
also higher in the thrombolysis groups compared to control groups.12 Furthermore, 
in approximately 20 - 30% of patients, thrombolytic therapy failed to reach complete 
reperfusion.14 even after apparently very successful thrombolysis, the risk of recurrent 
ischemia and reinfarction was approximately 20%,12 most likely due to the fact that 
the culprit lesion persisted with a residual stenosis and with a often unstable plaque.
these limitations and side effects of thrombolytic therapy in AMI made percutaneous 
coronary balloon angioplasty (PTCA), its name later changed to percutaneous 
coronary intervention (PCI), to come forward as an alternative treatment.
Andreas Gruentzig used pCI in humans with stable coronary artery disease for the 
first time in 1977, and since than this procedure has been increasingly used for the 
treatment of ischemic heart disease. In 1982, Hartzler et al started using pCI in acute 
myocardial infarction. From 1990s on, this procedure was more widely used, and 
accompanied by a lower recurrence of ischemia, a lower incidence of reocclusion and 
a lower incidence of restenosis compared to thrombolysis. During the following years, 
more clinical trials appeared showing the advantages of pCI above thrombolysis. 
One of the largest among them was the GustO IIb trial that randomized patients 
at 57 different centres in 9 countries. even though total mortality did not show a 
statistically significant difference, a significant 33% reduction occurred in the 
incidence of the combined outcome of death, reinfarction, and cerebral stroke when 
percutaneous transluminal coronary angioplasty was compared with thrombolytic 
therapy (9.6% vs. 13.7%).15 However, acute arterial recoil and coronary dissection 
were early and potentially fatal complications of the procedure and angiographic 
restenosis occurred in approximately 40% of patients within six months. Accordingly, 
20 to 30% of patients required repeat revascularization of the initially treated lesion 
within the first year after balloon angioplasty.16 In the late eighties and early nineties, 
bare metal stents were developed to prevent abrupt artery closure due to recoil 
or dissection following balloon angioplasty and they succeeded in doing so. Acute 
closure was reduced from 2 to 10% with balloon angioplasty alone to <1% in the stent 
era and pCI became safer with low rates of periprocedural myocardial infarction and 
emergency coronary artery bypass grafting (CABG).17 the next major step forward 

1.2 tHe treAtMeNt: HIstOry AND preseNt

1.2.1 History
Interest in various manifestations and treatment of heart disease developed in the 
eighteenth and early nineteenth centuries. In fact, the first paper in the first issue of 
the New England Journal of Medicine in 1812, was an article by Warren on angina 
pectoris.4 In 1785, Withering, a British physician, described foxglove (digitalis) in 
strengthening contraction and slowing the heart rate.5 the use of digitalis to treat 
acute myocardial infarction was also described by the Dutch physician and scientist 
Wenckebach (Figure 1).6 Otherwise, no useful cardiovascular therapy appeared for 
another century, when Brunton described the use of amyl nitrite in the treatment of 
angina.5 
In 1901, the German krehl reported that a coronary thrombosis not always caused 
death and that it could be complicated by formation of ventricular aneurysm and 
myocardial rupture. short after that, the Dutchman einthoven invented the first 
practical electrocardiogram in 1903 and received the Nobel prize in Medicine in 1924 
for it7. Herrick described in 1912 the other clinical characteristics of AMI, was the 
first to describe electrocardiographic changes in this condition, and established the 
importance of rest in postinfarction recovery.8 It was until the beginning of the 1950s 
that treatment of AMI consisted of six weeks of absolute bed rest and in-hospital 
mortality averaged about 50%.

Figure 1: part of a case describing acute myocardial infarction discourse and treatment 
around 1920 in the Netherlands by Wenckebach published in Herz- und Kreislaufinsuffizienz 
(1931). As being the scientific language that days, it is written in German. Literally translated, 
a patient is described with: “Progressive left-sided heart failure. With reference to the 
arterial disease, the diagnosis is progressive coronary artery narrowing. Digitalis treatment 
is necessary! The end: acute coronary occlusion along with severe angina, which appears 
once more and has to be cared for. Complete cardiogenic shock. Death.” reproduced with 
permission.

In the second half of the 20th century, the British physician Julian introduced coronary 
care units to contribute better to diagnosis and management of arrhythmias, as well 
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derangements in cellular metabolism, mitochondrial dysfunction and permeability29, 
and inflammation with development of neutrophil-platelet aggregates.26 Both  
calcium overload and cell membrane instability have a “domino effect”, propagating 

in the treatment of AMI was the introduction of drug eluting stents in 2002, further 
decreasing the rate of restenosis and widely used now as the preferred therapy in 
most AMI patients.18 As a result, rapid coronary stenting became the current standard 
of care for (st-elevation) AMI. the fundamental principle that “time is muscle” 
however, remains. this means that prolonged coronary occlusion leads to more 
extensive myocardial injury. therefore, the necessity of early treatment cannot be 
over-emphasized. Consequently, sophisticated logistic systems have been set up in 
the developed countries to increase awareness in patients and to guarantee early 
hospital admission by advanced ambulance and catheterisation laboratory services.19

Nonetheless, despite the huge developments that have been made, AMI still carries 
a one-year mortality rate of 7% and 22% of patients experience prolonged or new 
hospitalization for heart failure.20,21

1.3 tHe Future: tArGetING MyOCArDIAL reperFusION 
INJury

1.3.1 reperfusion injury
In AMI final damage to the myocardium equals necrosis during vessel occlusion plus 
injury induced by the subsequent reperfusion. Myocardial reperfusion injury refers 
to cardiomyocyte death that paradoxically results from sudden reperfusion of the 
jeopardized myocardium and may account for 25 to 50% of the final infarct size.2,22 
(Figure 2.) 
several processes occur after successful opening of the occluded coronary artery, 
causing both transient and permanent myocardial injury. As detailed next, the transient 
processes include reperfusion arrhythmias and myocardial stunning. Microvascular 
obstruction and lethal reperfusion injury comprise the “real” myocardial reperfusion 
injury because of their potential irreversibility. 
Reperfusion arrhythmias typically occur within the first 48 hours after reperfusion 
and are in general easily managed.23 Myocardial stunning refers to the contractile 
dysfunction that remains despite restoration of blood flow and usually resolves 
after several days.24 Microvascular obstruction refers to the inability to reperfuse 
previously ischemic myocardium despite a patent epicardial vessel and is also 
called the no-reflow phenomenon.25 It is thought to result from distal platelet and 
atheroemboli aggregation, thrombosis, vasospasm, inflammation, endothelial leakage, 
intramyocardial haemor rhage and edema.26,27 the extent of microvascular injury is 
associated with larger infarct size, adverse left ventricular remodelling and worse 
prognosis.28 Lethal reperfusion injury refers to necrosis and apoptosis of myocardial 
cells that were viable before reperfusion (Figure 3.). 21,26 It results from multiple  
complex and interactive processes that start after the restoration of blood flow,  
including oxidative stress, intracellular calcium overload, rapid changes in pH, 

Figure 2: scheme demonstrating the contribution of reperfusion injury to final myocardial 
infarct size. A large reduction in infarct size is obtained by early and successful reperfusion. 
the magnitude of the reduction in infarct size is diminished by the presence of reperfusion 
injury. Infarcted myocardium is depicted in pink, and the viable, at-risk myocardium is stained 
red. Infarct size is expressed as a percentage of the volume of myocardium at risk for 
infarction. reproduced with permission.

Figure 3: electron microscopy images illustrating lethal reperfusion injury. A cardiomyocyte 
is displayed during normal circumstances (A), after 1.5 hour of ischemia (B) and immediately 
after reperfusion (C). the cell integrity is almost preserved during 1.5 hour of ischemia. 
Immediately after reperfusion however, the cell is totally disintegrated.
(courtesy of thomas engstrom)
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animals and humans and is therefore mostly referred to as therapeutic hypothermia. 
Atrial fibrillation may develop below 30°C, while below 28°C ventricular fibrillation can 
occur.52,53 Furthermore, a body temperature below 32°C is associated with a higher 
risk of coagulopathy and infection. For safe and effective attenuation of reperfusion 
injury and reduction of infarct size, myocardial temperature should be 32 - 34°C.

1.4.1 Hypothermia in acute myocardial infarction
In animal models of coronary artery occlusion and reperfusion, hypothermia has 
repeatedly and markedly reduced myocardial infarct size when initiated during 
myocardial ischemia but before the onset of reperfusion. this beneficial effect on 
infarct size has been consistent in a variety of models with different methods of 
inducing hypothermia as well as in different species.54-65 temperature demonstrates a 
dose/response effect on infarction size (Figure 5).59 As opposed to a pharmacological 
therapy that targets one specific pathway, the effectiveness of hypothermia probably 
relates to its effects on multiple pathways simultaneously. Indeed, several mechanisms 
underlying the cardioprotective effect of hypothermia in AMI have been described.66,67 
(Figure 6) these mechanisms will now be detailed, separated into those that protect 
during ischemia versus those that protect during reperfusion, although the myocardial 
damage caused by both mechanisms is difficult to separate.68

destruction from cell to cell via gap junctions.30,31 Lethal reperfusion injury 
itself can also lead to microvascular obstruction by cardiomyocyte swelling 
plus the production of vasoconstrictors by neutrophil-platelet aggregates. 
Apart from cardiomyocyte death, other cells can also contribute to reperfusion 
injury. Activation and adhesion of platelets increase cell death independently 
of aggregation effects on myocardial flow32 and activated resident fibroblasts 
may enhance inflammation, thereby aggravating reperfusion injury.33,34 
Currently there exists no effective therapy for preventing myocardial reperfusion 
injury in patients with AMI.20 Most approaches have shown encouraging results in 
animal studies and in pilot studies in humans, but none of these results could be 
reproduced in a randomized controlled trial.35 As will be discussed later in this thesis, 
inability to deliver any drug or compound at the right place (distal coronary artery) at 
the right time (before opening the occlusion) is probably a decisive factor explaining 
this failure. Nevertheless, microvascular obstruction and lethal reperfusion injury form 
plausible therapeutic targets for novel cardioprotective strategies. As detailed below, 
therapeutic hypothermia as a “final common pathway” may blunt both processes.

1.4 tHerApeutIC HypOtHerMIA

therapeutic hypothermia (or targeted temperature management) is defined as active 
treatment to achieve and maintain a specific body temperature for a specific length 
of time in order to improve health outcomes. the use of hypothermia for treating 
humans goes back to the ancient egyptians, Greeks, and romans.36,37 the edwin smith 
papyrus from 1501 B.C., the oldest known medical text, already described various uses 
of cold as therapy.37 Hippocrates advised to cover badly wounded patients with snow 
and ice to reduce bleeding38 and also Celcus and Galaenus wrote about treatments 
with hypothermia.39,40 In 1814, Napoleon’s surgeon general Dominique Larrey (Figure 
4) described during the Napoleonic wars that wounded soldiers who were put close 
to a campfire died earlier than those who were not rewarmed.41,42

Initial clinical reports on induced hypothermia published in the 1940s, 1950s, and 
1960s described beneficial effects of cooling during cardiac surgery and organ 
transplantation, after which it became routine care.43-46 Outside of the operating 
room, hypothermia has been demonstrated to protect the brain following cardiac 
arrest in both animal models and humans.47-49 Although strict maintenance of blood 
temperature at 36°C had an equal effect on survival and neurologic outcome50, 
both the American Heart Association and the european resuscitation Council still 
recommend the use of hypothermia in comatose patients resuscitated from cardiac 
arrest to improve the subsequent neurological recovery.51 
Hypothermia can be classified as mild (32 - 35°C), moderate (28 - 32°C), severe (20 - 
28°C), or profound (< 20°C).52 Mild hypothermia is hemodynamically well tolerated in 

Figure 4: painting by Charles-Louis Muller, exhibiting Dominique Larrey in the battlefield. 
(Académie Nationale de Médicine, paris)
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burn, or swelling after external injury in e.g. an injured knee of a soccer player.66,73  
Besides microvascular obstruction, due to increased reactive oxygen species (rOs) 
levels during ischemia, a gap opens in the mitochondrial membrane, known as the 
mitochondrial permeability transition pore (mptp). subsequent reperfusion also 
promotes opening of the mptp, which ultimately leads to cell destruction (Figure 
4). Hypothermia inhibits mptp opening by Atp repletion and attenuation of rOs 
formation by hypothermia or induced by signal transduction pathways.65,74 (Figure 6)
Moreover, in the reperfusion phase hypothermia activates survival kinases (Akt) 
and heat-shock proteins (Hsp27), thereby reducing the reperfusion-induced cell 
destruction phase.71,75 the activation of the Hsp27-Akt complex stimulates nitric oxide 
synthetase-3 to increase the production of nitric oxide (NO). elevated circulating 

During ischemia, hypothermia slows the metabolism and oxygen demand, conserving 
adenosine triphosphate (Atp) and glycogen stores compared to normothermia and 
therefore protecting the integrity of cellular and mitochondrial membranes.69 this 
effect is independent of the hypothermic decrease of heart rate that provides an 
additional decrease in metabolic need.59 Moreover, several studies suggest that specific 
hypothermia-activated signal transduction pathways might also be responsible for 
protection during ischemia. When hypothermia is applied during ischemia, the HIF-
1 cardioprotective effects such as preventing collagen defragmentation and loss of 
connective tissue by non-hypoxic pathways were boosted.67,70,71 
During reperfusion, hypothermia may reduce microvascular obstruction or no-reflow 
and confer protection at the level of microvasculature.56,72 Hale et al described 
a reduction in the no-reflow area of 70% in an ischemia/reperfusion rabbit model 
(11.3 ± 3% with hypothermia of 32°C versus 37 ± 3% with normothermia, p < 
0.0001).57 these results were consistent with other experiments and indicate that 
the microvasculature may be particularly receptive to protection by hypothermia.61 
Hypothermia may prevent localized endothelial blistering or blebbing, a major 
cause of no-reflow, just as ice water reduces blistering following a localized 

Figure 5: Graphic demonstrating the relationship between final infarct size (expressed as a 
percentage of the risk region) and myocardial temperature at one minute before coronary 
artery occlusion in rabbits. reproduced with permission from the American Journal of 
physiology.59

Figure 6: proposed mechanisms of the multiform, complex and interactive cardioprotection 
of therapeutic hypothermia applied at pre-ischemic, ischemic, and reperfusion 
phases.  Abbreviations: tH: therapeutic hypothermia; Hsp: heat-shock protein; Atp: 
adenosine triphosphate; HIF: hypoxia inducible factor; iNOs: inducible nitric oxide synthase; 
NO: nitric oxide; Ca2+: calcium; NOs3: nitric oxide synthase 3; rOs: reactive oxygen species; 
ptp: permeability transition pore; Cyto C: Cytochrome C; mtOr: mammalian target of 
rapamycin; Akt: serine/threonine kinase; p: phosphate. (reproduced with permission from 
Figure 2 of Chavez et al.67)
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1.5 tHe AIMs AND OutLINe OF tHIs tHesIs

reperfusion therapy by primary percutaneous coronary intervention in acute 
myocardial infarction has become one of the most successful achievements in 
modern medicine. However, because current reperfusion strategies, mainly primary 
pCI, seem to be exhausted in terms of additional mortality benefit, there remains a 
need for new methods to further attenuate reperfusion injury and, thereby, further 
reduce myocardial infarct size and improve long-term survival (Figure 2). therapeutic 
hypothermia diminishes reperfusion injury and reduces infarct size in a variety of 
animal models of AMI, but only if started before reperfusion. In human studies in 
which systemic cooling methods were used, this reduction has not been confirmed 
so far as have described in the previous paragraph. In most randomized clinical trials, 
however, subgroup analyses of patients with anterior myocardial infarction who 
reached the target temperature before reperfusion, did show a reduction in infarct 
size. therefore, to transform hypothermia into a clinically feasible treatment for 
AMI, its method should be modified into a technique that is quick enough to achieve 
sufficient myocardial hypothermia before reperfusion, without significant delay and 
without the adverse effects of systemic cooling. 
In the next chapters of this thesis, a new method of selective Intracoronary 
Hypothermia to overcome the problems encountered with systemic techniques of 
hypothermia is described.
In chapter 2, existing literature on hypothermia for AMI is reviewed and the potential 
advantages of the selective intracoronary method are proposed.
In the chapter 3, a retrospective study is presented, in which the safety and feasibility 
of providing intracoronary hypothermia is evaluated in 53 patients with stable angina 
and 20 patients with AMI undergoing intracoronary blood flow measurements based 
on thermodilution with continuous infusion of saline at 20°C.
In chapter 4, the development of the intracoronary method and its reproducibility 
are described using the isolated beating pig heart model. In five hearts with acute 
occlusion of the left anterior descending artery, the induction, maintenance and 
control of a stable intracoronary and myocardial target temperature, using standard 
pCI equipment, were demonstrated.
In chapter 5 of this thesis, a description is given of a numerical model. this model 
describes mathematically the intracoronary cooling process and is based on the 
lumped parameter approach and validated on the isolated beating pig heart model of 
AMI and human subjects with AMI undergoing intracoronary hypothermia.
In chapter 6, a pilot study is presented in which the safety and feasibility of the 
intracoronary hypothermia method is evaluated in ten humans with AMI.
Finally, in chapter 7, conclusions are drawn and future directions are discussed.

amounts of NO increase mitochondria protein nitrosylation, which later attenuates 
generation of reactive oxygen species, resulting in maintenance of the mitochondrial 
membrane potential. 75,76 

1.4.2 relationship between infarct size and the timing of hypothermia
there appears to be a relationship between the onset of hypothermia and the 
reduction in infarct size. If hypothermia of 34°C is started before the onset of 
ischemia, a 100% reduction in infarct size can be accomplished in animal models. On 
the other hand, there is no reduction in infarct size when hypothermia is initiated after 
reperfusion.56,77 Varying reductions in infarct size were observed when therapeutic 
hypothermia was initiated during occlusion and were loosely correlated with start 
of cooling, with larger reductions when initiated early during occlusion.58,63,78-80 this 
result suggests that hypothermia attenuates myocardial injury in the ischemic (pre-
reperfusion) phase. 
Hypothermia started at the onset of reperfusion (post-reperfusion) phase did show 
an improvement in microvascular resistance thereby limiting no-reflow, but did not 
lead to a reduction in infarct size.56,72 
In summary, much uncertainty exists with respect to the time when to start 
hypothermia and the interval during which it should be continued. regardless, the 
time-interval just around and preferably before the start of reperfusion seems 
to be paramount (Figure 3). Or in other words: at the moment of reperfusion, the 
myocardium of interest should be sufficiently cooled and this cooling should be 
continued until reperfusion is completed.

1.4.3 Human studies
Despite significant myocardial salvage in animal studies, human studies on therapeutic 
hypothermia in AMI have been negative so far.81-88 this failure of translation has 
several potential explanations. First of all, human studies investigated methods of 
systemic cooling in which it was intended to cool off the entire body with intravenous 
cold saline infusion and/or cool catheters, or with peritoneal cooling. Inherently, 
these methods were too slow in the induction of hypothermia, insufficient by not 
reaching a temperature of around 33°C, and large volumes of cold saline up to 2000 
ml were needed. secondly, whole body cooling in these conscious patients often led 
to severe and uncontrolled shivering. Consequently, the cold induction in patients 
who are awake, may lead to a stress reaction that in turn may aggravate the ischemic 
vicious circle. such patients often require sedatives, which in turn may necessitate 
artificial ventilation. encouragingly, therapeutic hypothermia has not been observed 
to be harmful in patients with AMI.89 Indeed, Villablanca et al reported in their meta-
analysis that there were no significant differences in the occurrence of major adverse 
cardiovascular events, arrhythmias, pulmonary edema, or bleeding events between 
hypothermic and control groups.81 
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AMI, remains the leading cause of death in the world.4, 5 In AMI patients, infarct size 
relates directly to short- and long-term mortality and to the development of chronic 
heart failure.6, 7 therefore, limiting infarct size is of paramount importance.
Despite a large number of successful animal studies in recent years using cardio-
protective strategies to reduce myocardial reperfusion injury, translation to clinical 
practice has been difficult and has failed so far.8-14 the reasons for failure are unique 
to each strategy, and here we focus our attention on therapeutic hypothermia. 
We start with a general review of therapeutic hypothermia in acute myocardial 
infarction before turning attention to our novel hypothesis and method of locally 
delivered and controlled myocardial cooling before reperfusion. 

2.3 HypOtHerMIA IN ACute MyOCArDIAL INFArCtION

In AMI final damage to the myocardium equals necrosis during vessel occlusion plus 
injury induced by the subsequent reperfusion. Myocardial reperfusion injury refers to 
cardiomyocyte death that paradoxically results from reperfusion of the jeopardized 
myocardium and may account for 25 to 50% of the final infarct size.15, 16 Currently 
there exists no effective therapy for preventing myocardial reperfusion injury in 
patients with AMI, making it a plausible therapeutic target for novel cardioprotective 
strategies.14 
Hypothermia may blunt the damaging processes that occur during reperfusion 
injury. As opposed to pharmacological therapy that targets one specific pathway, 
hypothermia has simultaneous effects on multiple pathways involved in reperfusion 
injury 17, 18. Adequate myocardial hypothermia results in reduction of microvascular 
obstruction or no-reflow 19, 20, inhibition of mptp opening by Atp repletion, 
attenuation of rOs formation and induction of signal transduction pathways.21, 22  
Moreover, in the reperfusion phase hypothermia activates survival kinases (Akt) 
and heat-shock proteins (Hsp27), thereby reducing the reperfusion-induced cell 
destruction phase.23, 24 
In animal models of coronary artery occlusion and reperfusion, hypothermia has 
reliably and markedly reduced myocardial infarct size when initiated during myocardial 
ischemia but before the onset of reperfusion. 19, 21, 25-34 Furthermore, there appears to 
be a relationship between the onset of hypothermia and the reduction in infarct size, 
varying from a 100% reduction if started before the onset of ischemia, to no reduction 
if initiated after reperfusion.19, 35 these results suggest that hypothermia attenuates 
myocardial injury already in the ischemic (pre-reperfusion) phase. Hypothermia started 
at the onset of reperfusion (post-reperfusion) phase did show an improvement in 
microvascular resistance thereby limiting no-reflow, but did not lead to a reduction 
in infarct size.19, 20 

2.1 ABstrACt

Because current reperfusion strategies in acute myocardial infarction (AMI) seem 
to be exhausted in terms of additional mortality benefit, there remains a need for 
new methods to attenuate reperfusion injury and thereby further reduce myocardial 
infarct size and improve long-term survival.
therapeutic hypothermia (32 - 35°C) diminishes reperfusion injury and reduces 
infarct size in a variety of animal models of AMI if provided before reperfusion. In 
human studies this reduction has not been confirmed so far, most likely because 
systemic cooling acts slowly and therefore the target temperature is not reached in 
time or at all in a substantial number of patients. Furthermore, systemic cooling can 
cause adverse effects such as severe shivering, volume overload, and an enhanced 
adrenergic state. In most randomized clinical trials, however, subgroups of patients 
with anterior myocardial infarction that reached the target temperature before 
reperfusion did show a reduction in infarct size.
to transform therapeutic hypothermia into a clinically feasible treatment for AMI, 
its method must be modified. An ideal technique should be quick enough to achieve 
sufficient myocardial hypothermia before reperfusion, without significant delay and 
without the adverse effects of systemic cooling. In this review, we propose a novel, 
potentially feasible method of selective intracoronary hypothermia to overcome the 
problems encountered with prior techniques.

2.2 INtrODuCtION

In this review we propose a novel hypothesis and introduce a new technique regarding 
therapeutic hypothermia in patients with acute myocardial infarction (AMI). Our theory 
explains the negative results in prior randomized trials in humans and leads naturally 
to a new method with the potential to overcome previous limitations. Importantly, the 
method proposed here can be performed within the routine of primary percutaneous 
coronary intervention (ppCI) and with standard pCI equipment.
Damage to the myocardium in AMI results from two processes that share several, 
harmful mechanisms: acute ischemic injury on the one hand; and subsequent 
myocardial reperfusion injury on the other hand1 therapies to reduce acute ischemic 
injury, primarily by primary percutaneous coronary intervention, have significantly 
improved the prognosis of patients with AMI and have been widely incorporated into 
clinical practice.2 However, given the plateau in outcomes after AMI, these gains seem 
to have been exhausted 3. Consequently, attention must naturally shift to therapies 
targeting myocardial reperfusion injury in order to obtain further reductions in infarct 
size. the motivation for improving care is clear, as coronary artery disease, especially 
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2.4 Future DIreCtIONs

synthesizing the above points, we can logically conclude that the following conditions 
are paramount for therapeutic hypothermia to enter clinical practice during the rapid 
and catheter-based modern treatment of AMI. 
First, hypothermic protection must act at the location where harmful processes occur, 
namely within the infarct area, preferably not affecting the adjacent myocardium. 
the culprit and occluded coronary artery, however, may prevent local administration 
of hypothermia to the required territory, and thus represents the first hurdle to be 
overcome. second, the target temperature of the myocardium should be reached 
quickly and before the onset of reperfusion, i.e. within minutes. third, the application 
of hypothermia should be easy to apply within the routine practice of ppCI and 
not delay time to reperfusion too much. Fourth, and most importantly, the degree 
of temperature decrease in the distal coronary artery and myocardium should be 
monitored precisely to prevent too low or insufficient hypothermia and to achieve a 
tissue temperature of approximately 4°C below body temperature. 

2.5 INtrACOrONAry HypOtHerMIA

In order to cool quickly and to overcome the adverse effects of systemic hypothermia, 
intracoronary administration of cold saline selectively to the infarct area appears both 
logical and necessary. kim et al. described an intracoronary infusion of cold saline in 
pigs with AMI in 2005. In their study, no hemodynamic compromise or arrhythmia was 
observed and a correlation between intracoronary and intramyocardial temperature 
was established.32 Otake et al showed an intracoronary infusion of cold saline to 
be safe and to reduce infarct size in a pig model of AMI.33 Application in humans of 
intracoronary cold saline infusion or other local hypothermia methods selectively to 
the infarct area has not been studied so far.
We recently evaluated the safety of intracoronary delivery of hypothermia by 
retrospectively analyzing data from two clinical trials in which intracoronary 
saline administration at room temperature was used to perform coronary flow 
measurements by thermodilution. Coronary temperature in these studies decreased 
by 0.5 to 6°C. No adverse effects, apart from short-lasting second degree AV-block 
in a few patients with measurement in the rCA, were noted.38 
Bases upon these observations, we developed a clinically feasible method for 
induction and maintenance of therapeutic myocardial hypothermia using standard 
pCI equipment. this method was investigated first in the isolated beating pig heart.39

In that study, an over-the-wire balloon was advanced over a regular guide wire and 
inflated to 4 Atm in the coronary artery to create an occlusion. thereafter, the 

In summary, while hypothermia seems to be effective in limiting infarct size if achieved 
before reperfusion, much uncertainty exists with respect to its timing and the interval 
during which hypothermia should be continued. However, it can be concluded that at 
the moment of reperfusion, the myocardium of interest should be sufficiently cooled 
and this cooling should be continued until reperfusion is completed.

2.3.1 From theory to practice: human studies involving hypothermia
Despite significant myocardial salvage in animal studies, human studies in AMI have 
been negative so far.36 this failure of translation seems to be due to a number 
of practical limitations that have hampered studies to reveal the true value of 
hypothermia to limit infarct size in humans.
In human studies different systemic cooling methods have been used, including 
endovascular cooling, infusion of cold saline, surface cooling, and intraperitoneal 
methods.36 All these methods have four significant drawbacks. First, systemic cooling 
methods cannot guarantee that hypothermia will directly reach the endangered 
myocardium on time or at all, since the epicardial artery supplying that region is 
obstructed. 
second, systemic delivery of hypothermia can induce severe discomfort and shivering 
in conscious patients requiring sedative medications and artificial ventilation with 
their associated disadvantages. Furthermore, systemic hypothermia may enhance 
the adrenergic state, which increases systemic oxygen consumption maintaining the 
ischemic cycle.37 
third, since humans have a large body mass, reaching a systemic target temperature 
of 4°C below body temperature not only requires a relatively long time, and therefore 
unacceptably prolongs symptom-to-reperfusion time, but also requires a large 
amount of cold fluid to cool the whole body, potentially leading to pulmonary edema 
in a hemodynamically compromised patient. exploratory post-hoc analysis and a 
meta-analysis of hypothermia trials found that the small subgroup of patients who 
were cooled to a temperature < 35°C before reperfusion experienced a significant 
reduction in infarct size.36 since there is a clear benefit with lower temperatures in 
terms of reduction of infarct size, most likely the lowest effective temperature is 
preferable, within the safe zone. that goal temperature should be achieved quickly, 
within minutes.
Fourth, the inability to monitor the distal temperature and titrate the therapy to a 
target level remains another severe barrier to translating animal models to human 
trials. At least some direct feedback on the temperature in the infarcted and cooled 
area is mandatory to guide adequate and safe treatment. 
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blood and the temperature of the infused saline was lowered to 4°C because of the 
mixing with blood. this reperfusion phase also lasted for 10 minutes after which 
a stent was placed. the interventional team used a pressure/temperature wire to 
control the intracoronary temperature and titrate the infusion rate in real time during 
the procedure (Figure 2). 
In contrast with the beating pig heart model, the infusion rate during the occlusion 
phase was started at 20 ml./min. this is because we observed that with 30 ml./
min the coronary temperatures were often too low. Figure 3 shows a temperature 
curve of a subject enrolled in this study demonstrating the very fast induction and 
maintenance of the target intracoronary temperature. 

regular guide wire was removed and an infusion of saline started through the central 
lumen of the balloon while the balloon remained inflated. An additional pressure/
temperature wire was then placed in the distal coronary artery and used to monitor 
the intracoronary temperature and thereby also the temperature of the distal, 
endangered myocardium. simultaneously, coronary pressure distal to the occlusion 
was monitored to prevent pressure overload in the coronary artery and myocardium. 
It should be noted that, in an attempt to mimic physiological circumstances inside the 
human body, the isolated beating pig heart model was submerged in a warm water 
bath equaling body temperature. Moreover, the isolated beating pig heart model is a 
laboratory set-up in which the heart is fully functional and achieves a cardiac output 
similar to “normal” conditions, in contrast to a Langendorff set-up. Coronary blood 
flow is maximal in the non-occluded coronary artery and myocardium adjacent to the 
infarct area. therefore, we believe that heat exchange mimics the in vivo situation 
in humans. using multiple needle thermistors placed under the guidance of infrared 
camera recordings, it was confirmed that hypothermia just acted locally within the 
myocardium at risk. (Figure 1) simultaneously, to reach the target temperature of 
4°C below body temperature throughout the infarct area, dose finding experiments 
determined an infusion flow of 30 ml/min with an infusate temperature of 20°C 
during the occluded vessel phase and 4°C during the open vessel phase.

Following these findings in the beating pig heart, we started conducting a clinical pilot 
study in patients with AMI to evaluate the safety and feasibility of this novel technique 
(sINtAMI, Clinicaltrials.gov identifier NCt02753478). In contrast to previous human 
studies, the infusion of saline was selective and only local into the infarct area, thereby 
preventing the systemic effects of hypothermia. By using an inflated over-the-wire 
balloon (OtWB), reperfusion can be delayed while saline at room temperature 
is infused to cool the infarct area. During this occlusion phase saline at 20°C was 
infused for 10 minutes. Hereafter, the balloon was deflated allowing reperfusion with 

Figure 1: Visualization of the infarct area by infrared camera before (left) and during (right) 
selective infusion of cold saline through the balloon catheter in the occluded coronary 
artery. During cold saline infusion the infarct area becomes hypothermic while the adjacent 
myocardium is not affected as also confirmed by needle thermistors visible in the image. 

Figure 2: schematic drawing of the set up used in the pilot study in humans. through 
the infusion pump cold saline is administered via the lumen of an over-the-wire-balloon 
catheter (OtWB). the distal intracoronary temperature is closely monitored by a pressure/
temperature wire in the distal coronary artery connected to an analyzer and adjustments to 
the flow of the cold saline can be made instantly.
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beneficial effect of cooling. Considering these factors together, we expect that 
intracoronary hypothermia implicates an opportunity to decrease the infarct size 
compared to present standard therapy by ppCI alone.

2.6 suMMAry

therapeutic hypothermia may attenuate reperfusion injury in patients with acute 
myocardial infarction if the target temperature is achieved within the endangered 
myocardium before reperfusion starts. By using this technique most of the damaging 
processes that occur during reperfusion may be mitigated. Future studies should 
therefore employ methods that lower the myocardial temperature quickly enough 
to reach the therapeutic target (4°C below body temperature) before the onset 
of reperfusion, while not prolonging time to reperfusion significantly and without 
inducing systemic side effects. this novel intracoronary method to deliver and control 
hypothermia selectively in the endangered myocardium seems logical, promising, 
safe and feasible during ppCI, and is already being further developed and explored.

2.5.1 Possible weaknesses of the intracoronary method
First, a possible complication of the intracoronary method could be the induction of 
AV-block due to hypothermia of the AV-node in patients with a right coronary artery 
occlusion. In the beating pig heart model, we only studied hearts with occlusions of 
left anterior descending artery. second, another potential complication of selective 
intracoronary hypothermia via coronary infusion is the embolization of thrombus 
distal to the occlusion.
third, applying the intracoronary method in the catheterization laboratory has to be 
feasible and should be easy to perform without significantly delaying the opening of 
the vessel. Fourth, important in its possible infarct reducing properties is the fact that 
the infarct area has to be cooled off before the start of reperfusion. therefore, any 
reperfusion by passing the guidewire through the stenosis should be prevented or 
shortened by inflating the OtWB as soon as possible. 
Fifth, during reperfusion, it is unknown how long hypothermia needs to be maintained 
for maximal benefit. It will be unrealizable to apply intracoronary infusion for hours 
after reperfusion.
We realize that it goes against the fundamental principle of ‘time is muscle’ to 
intentionally delay symptom-to-reperfusion time for 10 minutes to achieve and 
maintain adequate cooling. But this delay might be counterbalanced by the potentially 

Figure 3: Graphs from a 56 year-old male patient who presented with an acute anterior 
myocardial infarction and was treated with intracoronary hypothermia. Cooling took place 
both for 10 minutes before opening the left anterior ascending arterial occlusion (occlusion 
phase), and also for 10 minutes after opening (reperfusion phase). the upper part of the 
figure indicates the stable systemic (red) and distal coronary pressures (green). the lower 
part shows the distal intracoronary temperature (blue). An intracoronary blood temperature 
of 6°C below body temperature was reached within 30 seconds and remained stable 
during the whole duration of the treatment protocol (20 minutes). the two spikes in the 
temperature curve just after 600 seconds are due to the changing of the saline from room 
temperature to 4°C.
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3.2 INtrODuCtION

In st-elevation myocardial infarction (steMI), early reperfusion is of paramount 
importance to limit infarct size and create optimal conditions for favourable long-
term outcome. 
Currently, the gold standard for achieving fast reperfusion is primary percutaneous 
coronary intervention (ppCI).1, 2 However, notwithstanding the merits of ppCI, the 
reperfusion process itself may contribute to secondary damage to the myocardium, 
called “reperfusion injury.”3-6 Mild hypothermia, i.e. the cooling of endangered 
myocardial tissue to 33°C (91.4°F), which is preferably induced already before 
reperfusion with blood, may attenuate this reperfusion injury.
Animal studies in a variety of species have shown that the induction of hypothermia 
before reperfusion of an acute coronary occlusion reduces infarct size.7-14 If 
hypothermia is initiated after reperfusion, this effect is not observed.10, 15, 16 Human 
studies on the other hand have not been able to show a reduction in infarct size.17-24 
this may be attributable to the fact that, in the majority of the patients, a therapeutic 
level of hypothermia was not reached before reperfusion.17-21 In these studies, whole 
body hypothermia (with an endovascular cooling system in combination with cold 
saline) was used, limiting efficacy in terms of rapid and sufficient cooling of the 
endangered myocardium and leading to adverse systemic reactions such as shivering 
and an enhanced adrenergic state.
Local intracoronary induction of hypothermia may accelerate achieving the target 
level of hypothermia while simultaneously preventing the systemic adverse effects. 
this intracoronary application of hypothermia has been investigated in two animal 
studies so far.7, 25 In the first study, kim et al. evaluated the safety and feasibility of 
this intracoronary method in pigs. 25 In the second study, Otake et al. demonstrated a 
significant reduction in myocardial necrosis when using intracoronary hypothermia in 
pigs with 60 minutes of coronary occlusion.7

In the present study, we aimed to evaluate the safety and feasibility of intracoronary 
hypothermia by means of selective intracoronary infusion of saline at room 
temperature at a rate of 10 – 30 ml/min in patients with stable angina and patients 
with acute myocardial infarction immediately following ppCI, and after 3 – 5 days. 

3.3 MetHODs

3.3.1 Study population
Data were collected from two patient groups undergoing intracoronary blood flow 
measurements using thermodilution with continuous infusion of saline. A technique 
described in detail before. 26, 27 the first group consisted of 53 patients with stable 

3.1 ABstrACt

Background
In st-elevation myocardial infarction (steMI), reduction in time to reperfusion of 
the occluded coronary artery reduces infarct size. In animal models, an additional 
reduction of infarct size was observed when hypothermia was induced before 
reperfusion, despite a longer ischemic time. However, several human studies did not 
corroborate this positive effect, which is believed to be in part due to the inability 
of systemic induced hypothermia to induce sufficient decrease of local myocardial 
temperature before reperfusion. 
providing rapid local myocardial hypothermia by intracoronary infusion of saline 
before reperfusion in patients with steMI may overcome this problem.
In this study we evaluate the safety and feasibility of providing rapid intracoronary 
myocardial hypothermia in patients undergoing intracoronary blood flow measure-
ments based on thermodilution with continuous infusion of saline at room 
temperature.

Methods and results
In 53 patients with stable angina (sA) and 20 patients with steMI, a total of 215 
measurements were performed. the measurements consisted of continuous 
selective intracoronary infusion of saline at room temperature with rates between 10 
ml/min to 30 ml/min. temperature changes compared to initial blood temperature 
(tb), were measured at the tip of the infusion catheter (ti) and distally in the coronary 
artery (td). In patients with sA, ti was -5.65 ± 1.41°C (range -9.27 to -2.28) and td 
was -0.78 ± 0.51°C (range -3.27 to -0.23°C). In patients with steMI, ti was -7.45 ± 
0.51°C (range -8.21 to -6.56) and td was -1.37 ± 0.82°C (range -4.62 to -0.74°C). In all 
patients, steady state intracoronary hypothermia was achieved within 15 seconds and 
could be maintained without noticeable complications.

Conclusion
this study demonstrates the safety and feasibility of inducing intracoronary 
hypothermia by selective infusion of saline at room temperature in patients 
with stable angina and steMI. steady state hypothermia could be achieved and 
maintained quickly, easily, and safely using common pCI techniques. therefore, our 
findings warrant further studies to the use of intracoronary hypothermia to enhance 
myocardial salvage in acute myocardial infarction.
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3.3.3 Measurements and statistics
In the patients with stable angina, standard angiography was performed, followed by 
FFr measurements and absolute flow measurements. If the FFr was ≤ 0.80, a stent 
was placed and the measurements were repeated after stenting. 
In patients with acute st segment elevation myocardial infarction, ppCI with stenting 
was performed routinely and the absolute flow measurements were performed 
immediately thereafter.28 In these patients, measurements were repeated after 3 – 5 

angina (sA) in whom measurements were performed as part of a previous study 
protocol27 or as routine intracoronary blood flow measurements. the second group 
consisted of 20 patients with steMI in whom measurements were performed 
immediately after ppCI and after 3 – 5 days.28 these patients participated in a previous 
study regarding changes in the microcirculation in acute myocardial infarction. Both 
studies mentioned above and the use of data for the present analysis, have been 
approved by the institutional review board of the Catharina hospital, and informed 
consent was obtained from all patients. In the second group of patients, informed 
consent was obtained immediately after ppCI.

3.3.2 Instrumentation 
the application of continuous intracoronary infusion of saline and the 
principle of thermodilution is extensively described by Aarnoudse et al. 27 
and Wijnbergen et al.28 In short, the instrumentation is as follows (figure 1).  
A standard sensor-tipped pressure/temperature guidewire (pressureWire Certus, 
st. Jude Medical systems, st. paul, MN, usA) is advanced into the distal part of the 
index coronary artery. It should be noted that this pressure/temperature guidewire 
is zeroed at baseline and is only able to measure temperature differences and not 
the actual blood temperature itself. Hereafter, an infusion catheter with 4 side holes 
is advanced over the wire into the coronary artery. In a normal, not significantly 
diseased coronary artery, the tip of the infusion catheter is placed within the first 
segment of the coronary artery. In case of a stenotic coronary artery, the tip of 
the infusion catheter is placed just proximal to the stenosis. In case of steMI, the 
infusion catheter is placed at the location of the opened occlusion, i.e. within the 
stent, in order to measure blood flow in the area at risk. the position of the pressure/
temperature sensor is always 3-6 cm distal to the tip of the infusion catheter, as 
previously described. (15) 
Coronary hyperemia is induced by central venous adenosin infusion. After 
achieving steady-state maximum coronary hyperemia, saline at room temperature 
(approximately 20 °C or 68 °F) is infused at a constant rate through the infusion 
catheter using a contrast infusion pump (Agiomat 6000, Lieber-Flarsheim). the rate 
of saline infusion was estimated based upon the size of the coronary artery and the 
location of infusion, and varied from 10 to 30 ml/min., as previously described.
Differences in the temperature at the sensor close to the tip of the wire in the distal 
coronary artery (td) (after complete mixing of blood with the infused saline) are 
measured and recorded for approximately 30 – 60 seconds. thereafter, the sensor 
is pulled back into the infusion catheter, thereby measuring the temperature of the 
infused saline (ti). Volumetric blood flow in the respective coronary artery can be 
calculated then as described by Van ‘t Veer et al.26, but was not the aim of the present 
study.

Figure 1: schematic drawing, showing the instrumentation in the left circumflex artery to 
provide hypothermia for coronary blood flow measurements.
A 2.8-F infusion catheter is advanced over a 0.014-inch pressure/ temperature (temp) 
sensor-tipped guidewire through a y-connector (y1) and positioned proximal to the stenosis 
(if present) and with its side holes in a segment without major side branches.
the infusion catheter is connected to an infusion pump by a second y-connector (y2), 
enabling continuous infusion of saline at room temperature (10 to 30 ml/min). the sensor- 
tipped guidewire is connected to the interface (AnalyserXpress, st Jude Medical, st. paul, 
MN, usA-Analyzer) as routinely done in coronary pressure measurement, and distal coronary 
pressure (pd) and temperature (td) are displayed on the interface. the aortic pressure (pa), 
measured at the tip of the guiding catheter, is recorded by a regular pressure transducer and 
also displayed on the interface. 
For the purpose of intracoronary hypothermia, without the goal of measurement of absolute 
coronary blood flow, no specific infusion catheter is mandatory and a simple over-the-wire-
balloon can be used (see text). C
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and that it is feasible to achieve 4°C of hypothermia with the present infusion rates. 
With higher blood flow, distal temperature increases as expected and higher infusion 
rates or lower infusion temperatures (i.e. cold saline) will be necessary to achieve the 
desired hypothermia (33°C) in the distal coronary artery.

days. In all procedures, registrations were continuously displayed and infusion flow 
(Qi) and temperatures (ti and td), as well as coronary and aortic pressures, were 
recorded. Accuracy and reproducibility of flow measurements by this technique have 
been described previously.27 
No infusion rates below 10 ml/min were used in any of the patients to avoid an 
unfavorable signal-to-noise ratio. Infusion rates above 30 ml/min were not used 
because in all patients, infusion rates of 10 – 30 ml/min were sufficient for the 
purpose of absolute flow measurements performed in the initial studies.
With respect to safety, special attention was given to possible conduction disorders 
and arrhythmias. to investigate feasibility, we evaluated the ease of the technique, 
the time requiring instrumentation and the time required to achieve steady state 
hypothermia in the distal coronary artery. 
All data are presented as mean ± sD, followed by the range for the continuous 
variables.

3.4 resuLts

the instrumentation could be performed easily and without complications in all 
patients within 10 minutes. An example of such a measurement is presented in figure 
2. In total, 215 measurements were performed in 73 patients, 53 of which had stable 
angina (sA) and 20 patients who presented with steMI. In the sA patients, the index 
artery was the LAD in 29 patients, the LCX in 5 patients, and the rCA in 19 patients, 
respectively. In the steMI patients, the index artery was the LAD in 8 patients, the 
rCX in 4 patients, and the rCA in 8 patients. In all patients, an infusion of saline at 
room temperature with rates between 10 ml/min. to 25 ml/min. was used, except 
in one patient in whom a rate of 30 ml/min was used. ti in patients with sA was 
-5.65±1.41°C (range -9.27 to -2.28°C) and td was -0.78±0.51°C. (range -3.27 to 
-0.23°C) In patients with steMI, ti was -7.45±0.51°C (range -8.21 to -6.56°C) and td 
was -1.37±0.82°C (range -4.62 to -0.74°C). 
In all patients, steady state hypothermia in the distal artery was achieved within 15 
seconds after start of the infusion, and disappeared completely within 10 seconds 
after discontinuing the infusion. there was a clear and reproducible relation between 
infusion rate and temperature at the tip of the infusion catheter (ti) but, as expected, 
a large variation in distal coronary temperature was observed related to blood flow, 
the size of the coronary artery, its perfusion territory and possibly intramyocardial 
resistance. (Figure 3) three patients experienced short periods of second degree 
AV-block, without symptoms. One of these was the patient who had an infusion rate 
of 30 ml/min.
From figure 3, it can be observed that at very low coronary flow (as in an occluded 
coronary artery), distal blood temperature td approaches infusion temperature ti 

Figure 2: representative figure showing a complete recording of intracoronary temperature 
and pressure measurements. 
the left scale expresses temperature in °C relative to blood temperature. the right hand 
scale expresses temperature in absolute °F.
Blood temperature is set to 0 at the beginning of the measurement (tb). thereafter infusion 
of saline at room temperature is initiated (at 30sec). temperature of the saline mixed with 
coronary blood declines rapidly and is measured in the distal coronary artery (td). steady 
state hypothermia rapidly develops and lasts in this case for 65 sec, whereafter the sensor is 
pulled back into the infusion catheter to obtain the temperature of the saline when it enters 
into the coronary artery (ti). 

Figure 3: Demonstration of the relation between coronary temperature (td), coronary 
blood flow and saline infusion flow, for four different infusion rates. If coronary blood 
flow approaches zero, the temperature within the coronary artery becomes identical to 
the temperature of the infused saline. If the coronary blood flow is higher, the coronary 
blood temperature increases. With higher infusion rates, the coronary blood temperature 
decreases more.
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arrhythmias during ischemic events. Otake et al. demonstrated intracoronary use of 
hypothermia to be safe and effective in preventing myocardial necrosis.7 In their study, 
saline of 4°C was used without complications (such as vasospasm, hemodynamic 
instability or bradycardia) and it even attenuated ventricular arrhythmias significantly. 
However, using an infusion rate of 2.5 ml/min, myocardial temperature lowering by 
-3°C was possible after approximately 45 minutes. Limited by their equipment, higher 
infusion rates were not possible, but could have been useful to obtain the desired 
myocardial temperature more rapidly. 
In humans however, induction of local hypothermia in the infarcted area only, has not 
been investigated at all. Human studies on hypothermia for infarct size reduction used 
total body hypothermia, and failed to show a protective effect. the two first clinical 
trials investigating mild systemic hypothermia using endovascular cooling catheters 
as an adjunct to ppCI in myocardial infarction, failed to show a reduction in infarct 
size.17, 22, 24, 41 this is thought to be due to the inability to achieve sufficient hypothermia 
quickly enough (<35°C) at onset of reperfusion. A subgroup analysis of these two trials 
showed a strong trend towards a positive effect in patients who did reach the target 
temperature <35°C.24 Götberg et al. demonstrated a reduction of infarct size of 38% in 
the rApID MI-ICe study, in which the combination of an endovascular cooling system 
and systemic infusion of cold saline was used.20 However, the primary end point was 
the safety and feasibility of this cooling method and the results should be interpreted 
with care regarding the small study sample. they repeated the study protocol in 120 
patients (CHILL-MI trial), but were not able to confirm the cardioprotective effects of 
this form of systemic cooling.21 the disappointing results in human studies are possibly 
due to the necessity of systemic hypothermia up until now, which is associated with 
a long time interval to obtain sufficient hypothermia – if obtained at all-, and to the 
severe side effects of systemic cooling, such as severe shivering, which prevents the 
ischemic myocardium from attaining the targeted temperature. In animal models this 
shivering was prevented by sedation. 
the use of an intracoronary infusion catheter allows selective infusion of a relatively 
large amount of saline in a fast way. Our data show that the technique to advance 
an infusion catheter is safe and can be performed quickly in the setting of primary 
pCI. the blood temperature drops rapidly after start of the infusion. Within less than 
15 seconds steady state hypothermia is achieved in the distal coronary artery and 
in the blood entering the myocardium. However, in the majority of these patients 
these temperature drops were not yet in the therapeutic range. Despite the fact that 
target temperatures of td as defined for mild hypothermia (<33oC) were reached in 
a minority of the patients, it is very likely that with a higher infusion rate of saline at 
room temperature or with saline moderately below room temperature, it will be able 
to cool the infarcted myocardium to a temperature of 33°C within minutes in case 
of an occluded artery in most patients. During occlusion, as is the case just prior to 
ppCI, achievement of sufficiently low temperature will not be a problem (Figure 3.).  

3.5 DIsCussION

In this study, we evaluated the safety and feasibility of intracoronary hypothermia 
induced by selective intracoronary infusion of saline at room temperature in patients 
with stable angina and st-elevation myocardial infarction. Apart from mild and 
transitional conduction disturbances, no adverse effects were noted. Moreover, from 
a technical point of view, the instrumentation could be performed within 10 minutes, 
even in the acute setting of patients who had just undergone ppCI because of steMI. 
steady state coronary hypothermia was achieved within 15 seconds from the start 
of infusion in all cases which is much more rapidly than in any previous study. these 
results prove the safety and feasibility of intracoronary hypothermia and may have 
implications for future trials, in which intracoronary hypothermia is studied as an 
addition to primary pCI to enhance salvage of myocardium in patients with steMI. 
Although primary pCI is the gold standard for restoring epicardial blood flow in the 
setting of steMI and the first step to myocardial salvage, the reperfusion process 
itself may contribute to secondary myocardial injury and cardiomyocyte death. this 
reperfusion injury may account for nearly half of the final infarct size 4, 5 and refers to 
the death of cardiomyocytes that were still viable at the end of the ischemic event. 
the phenomenon of reperfusion injury is incompletely understood and currently there 
is no established therapy for preventing it. Contributory factors are intramyocardial 
edema with compression of the microvasculature, oxidative stress, calcium overload, 
mitochondrial transition pore opening, microembolization, neutrophil plugging and 
hypercontracture 4, 5, 29, 30. this results in myocardial stunning, reperfusion arrhythmias 
and ongoing myocardial necrosis. Myocardial stunning refers to the post-ischemic 
contractile dysfunction and is reversible in part. reperfusion arrhythmias usually are 
self-terminating and are easily treatable. 
Myocardial hypothermia may attenuate the unfavorable mechanisms mentioned 
above. However, limited data are available on the beneficial mechanisms of 
hypothermia to protect the myocardium from reperfusion damage. In animals, several 
studies demonstrated a protective effect of hypothermia on the infarction area.7, 9, 11, 31  
this effect was only noted when hypothermia was established before reperfusion. 
Hypothermia is therefore thought to attenuate reperfusion damage by oxidative 
stress32-34, release of cytokines and development of interstitial or cellular edema.35-37 
It has been shown in animals that induced hypothermia resulted in increased Atp-
preservation in the ischemic myocardium compared to normothermia.38-40

the intracoronary use of hypothermia by infusing saline was investigated in two 
previous studies. kim et al. showed feasibility of intracoronary cooling during ischemic 
conditions as well as during acute myocardial infarction.25 seven out of fourteen pigs 
died from ventricular fibrillation during the study protocol, but outside the cooling 
phases, most likely due to the large ischemic area and the susceptibility of pigs to 
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continued to optimize treatment in acute myocardial infarction.
Moreover, the temperature difference in the present analysis disappeared within 10 
seconds after discontinuation of the infusion. In these patients however, the main 
goal was calculation of flow, and there was no need for steady state hypothermia for 
longer than 60 seconds. 
Finally, temperatures measured in the distal part of the coronary artery do not translate 
to intramyocardial temperatures. Further experimental studies as mentioned above 
are mandatory to relate distal coronary blood temperature to myocardial tissue 
temperature, and are presently performed by our group. 

3.7 CONCLusION

this study demonstrates the safety and feasibility of inducing local intracoronary 
hypothermia up to 33°C by selective intracoronary infusion of saline at room 
temperature in patients with stable angina and in acute myocardial infarction. this 
technique of intracoronary infusion has the advantage of fast and local induction 
of hypothermia in the infarct zone, without causing adverse systemic effects 
of hypothermia such as shivering. these findings justify further studies to local 
therapeutic myocardial hypothermia during primary percutaneous intervention to 
limit infarct size.

the advantage of administration of intracoronary saline compared to systemic cooling 
is the ability to obtain hypothermia in the infarcted myocardium both rapidly, and 
locally, thereby preventing or reducing the adverse systemic effects of hypothermia 
such as shivering and ensuring the effect only there where it is needed. In our study, no 
complications such as shivering, hemodynamic instability, coronary vasoconstriction 
and bradycardia were observed. Although the time of instrumentation was within the 
target range in all cases, it is to be expected to be shorter in the case of a dedicated 
study on hypothermia in steMI. In contrast to the presently used study protocols 
for absolute flow measurements, where exact measurement of temperature both 
in the distal coronary artery and at the tip of the specifically designed infusion 
catheter are mandatory, during primary pCI a simple over-the-wire-balloon can be 
positioned within the occlusion in the coronary artery, inflated with low atmosphere 
just to maintain total occlusion, whereafter the guidewire can be removed and 
the saline can be administered through the lumen of the over-the-wire balloon.  
In analogy to the animal experiments, the balloon should be deflated after an arbitrary 
10 minutes of cooling whereafter cooling can be continued with an open vessel for 
another ten minutes. to further investigate the potential of therapeutic myocardial 
hypothermia, it is essential to investigate and understand the relationship between 
blood temperature in the distal coronary artery and the intramyocardial temperature 
in the area at risk, and thus be able to estimate the real intramyocardial temperature 
through measuring the temperature distal in the coronary artery (td). this “true” 
intramyocardial temperature cannot be assessed directly in conscious humans. 
therefore, these questions are currently studied in the isolated beating pig heart 
model42, a model that allows intramyocardial temperature measurements at multiple 
locations. 

3.6 stuDy LIMItAtIONs

this is a retrospective analysis based on data that were collected in two different 
prospective trials focusing on coronary blood flow measurements and not on 
intracoronary hypothermia in itself. In these trials, adenosine was infused intravenously 
as well as continuous intracoronary infusion of saline. In future studies focusing 
on reduction of infarct size in acute myocardial infarction, the administration of 
adenosine will not be needed, thereby significantly simplifying the procedure. 
second, the infusion time was ± 1 - 2 minutes, which is shorter than the desired 
cooling period and a temperature of 33°C was achieved in only a minority of patients, 
simply because no further decrease of temperature was needed for these respective 
studies. As discussed above, using a similar technique, it is expected to achieve the 
target temperature of 33°C rapidly in most patients, especially in case of low blood 
flow as in acute myocardial infarction. It is unknown how long the infusion should be 
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that induction of hypothermia prior to reperfusion reduces infarct size.9-23 However,  
if hypothermia is initiated after the onset of reperfusion, this benefit is not  
observed.12, 24-26 Human studies in patients with AMI have not demonstrated a 
reduction in infarct size using different methods of systemic hypothermia.27-36 this is 
likely related to the fact that, in the majority of patients, sufficient hypothermia was 
not reached before the onset of reperfusion.27-31 In most of these studies, whole body 
hypothermia was induced by an endovascular cooling system in combination with 
administration of cold saline or noninvasive surface cooling.29 this mode of delivery 
hampered rapid and sufficient cooling of the endangered myocardium and led to 
adverse systemic reactions such as shivering, enhanced adrenergic state, or volume 
overload.31, 37

selective intracoronary induction of hypothermia preceding primary pCI may greatly 
reduce the time needed to achieve therapeutic hypothermia while simultaneously 
preventing adverse systemic effects. the intracoronary application of hypothermia 
has already been investigated in two animal studies demonstrating safety, feasibility, 
and a significant reduction in myocardial necrosis.9, 38 
In those studies, however, achievement of sufficient hypothermia required up to 60 
minutes – too much delay for clinical application in humans with AMI. Furthermore, 
only myocardial temperature was monitored by external thermistors implanted in the 
myocardium, which is fundamentally not possible during primary pCI in humans. 
In the present study we aimed to: (1) evaluate the feasibility and reproducibility of 
selective intracoronary hypothermia in isolated beating pig hearts during occlusion and 
subsequent reperfusion of the left anterior descending coronary artery using regular 
pCI equipment; and (2) study the relationship between intracoronary temperature 
distal to the occlusion, measured by a pressure/temperature guidewire (ptW), 
and distribution of hypothermia across the endangered myocardium, measured by 
thermistors. knowledge of such distribution is mandatory to apply hypothermia safely 
in humans, where only intracoronary temperature can be measured.
this study was performed to test only the methodology of rapid selective intracoronary 
cooling using regular pCI equipment but did not aim to say anything about outcome. 
that should be the goal of further studies.

4.3 MetHODs

In humans a target temperature of 33°C (4°C below normal blood temperature) has 
been suggested to protect against reperfusion injury and has proven to be safe.39-41 By 
analogy our present study sought to lower the myocardial temperature throughout 
the infarct area by 4°C. such a decrease of temperature should be obtained quickly 
during occlusion and maintained after reperfusion. Moreover, the temperature 
decrease should be limited to the infarct area.

4.1 ABstrACt

Hypothermia may attenuate reperfusion injury and thereby improve acute myocardial 
infarction therapy. systemic cooling trials failed to reduce infarct size, perhaps 
because the target temperature was not reached fast enough. the use of selective 
intracoronary hypothermia combined with intracoronary temperature monitoring 
allows for titrating to target temperature and optimizing the cooling rate.
We aimed to the test the feasibility of intracoronary cooling for controlled, selective 
myocardial hypothermia in an isolated beating pig heart.
In five porcine hearts the left anterior descending artery (LAD) was occluded by an 
over-the-wire balloon (OtWB). After occlusion, saline at 22°C was infused through 
the OtWB lumen for 5 minutes into the infarct area at a rate of 30 ml/min. thereafter 
the balloon was deflated but infusion continued with saline at 4°C for 5 minutes. 
Distal coronary temperature was continuously monitored by a pressure/temperature 
guidewire. Myocardial temperature at several locations in the infarct and control areas 
was recorded using needle thermistors. In the occlusion phase, coronary temperature 
decreased by 11.4°C (range 9.4–12.5°C). Myocardial temperature throughout the 
infarct area decreased by 5.1°C (range 1.8–8.1°C) within three minutes. During the 
reperfusion phase, coronary temperature decreased by 6.2°C (range 4.1– 10.3°C) 
and myocardial temperature decreased by 4.5°C (range 1.5–7.4°C). Myocardial 
temperature outside the infarct area was not affected.
In the isolated beating pig heart with acute occlusion of the LAD, we were able to 
rapidly “induce, maintain, and control” a stable intracoronary and myocardial target 
temperature of at least 4°C below body temperature without side effects and using 
standard pCI equipment, justifying further studies of this technique in humans. 

4.2 INtrODuCtION

early reperfusion by primary percutaneous coronary intervention (pCI) remains the 
cornerstone of treatment for acute myocardial infarction (AMI).1-3 Nevertheless, 
despite timely reperfusion 7 - 10% of AMI patients die during the index hospitalization 
and 23% of survivors develop heart failure within one year.4, 5 
Besides ischemia-induced myocardial necrosis, considerable further damage to the 
myocardium may occur due to the reperfusion process itself.6 this reperfusion injury 
contributes substantially to the final infarct size.7 Despite many advances made in 
revascularization therapies, the prevention and treatment of reperfusion injury in AMI 
has not proven successful in clinical practice.
Mild hypothermia, i.e. cooling of endangered myocardium to 33°C (91.4°F), may 
attenuate reperfusion injury. 8 Animal studies in a variety of species have shown 
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saline through its lumen selectively into the infarct area. the pressure/temperature 
guidewire was kept in place in the distal coronary artery for continuous temperature 
recording. saline was infused using an infusion pump (Medrad® Mark V proVis® 
Angiographic system) with an adjustable infusion rate.
A thermal imaging camera (FLIr thermaCam researcher professional s65Hs) was 
used to delineate the cooled infarct area after a short infusion of cold saline. (Figure 
1) Based upon those images, three intramyocardial thermistors (Hyp-1 connected to 
tC-08 thermocouple data logger, OMeGA engineering INC, Connecticut, usA) were 
placed within the infarct area: proximal (close to the occlusion), mid (center of infarct 
area) and distal (close to the apex), respectively. (Figure 2) A fourth thermistor was 
placed in the non-infarcted myocardium as a control and a fifth in the proximal great 
cardiac vein to determine coronary venous blood temperature. (Figure 2)
After having completed these preparations, the beating heart was completely 
submerged in a 38°C (100° F) water bath to simulate the surrounding body 
temperature. Finally, 100 mg of amiodarone was added to the circulating blood to 
prevent ischemia-related rhythm disturbances as these frequently occur in pigs 
during occlusion of a coronary artery.
using this setup, temperature was continuously monitored at 6 locations: distal 
coronary artery, 3 myocardial positions throughout the infarct area, reference 
myocardium, and the great cardiac vein. 

therefore, prior to the present study, we performed 2 dose-finding experiments 
to search for the most appropriate saline temperature and infusion rate. Our goals 
included both induction and maintenance: to reach the target temperature rapidly but 
without the risk of decreasing temperature too much; and to keep this temperature 
stable in the infarct-related artery and its dependent myocardium throughout the 
occlusion and reperfusion phases. the infusion rate and temperature of saline in this 
study are based upon those dose-finding experiments.

4.3.1 Isolated beating pig heart model
In this study hearts were obtained from Dutch landrace hybrid pigs slaughtered 
for human consumption. Following regular slaughterhouse protocols, the chest 
was opened to extract the heart. the isolated heart was immediately cooled and 
cannulated to administer 1 L of cold cardioplegic solution (4°C modified st. thomas 
2 added with 5000 Iu of heparin) via the coronary arteries, such that warm ischemic 
time never exceeded 5 min. Further preparation was carried out according to the 
standards of our isolated beating heart pig model as previously described.42, 43

After preparation the isolated pig heart was fixed in a supine position and mounted on 
an external circulation platform42. the circulation loop consisted of a centrifugal pump 
(sarns 9000 perfusion system, 3M, st. paul, MN, usA) that drew blood from a venous 
reservoir through an arterial filter (AFFINIty Arterial 38 mm blood filter, Medtronic, 
Minneapolis, MN, usA) and a combined oxygenator–heat exchanger (AFFINIty Nt 
Oxygenator, Medtronic) retrogradely into the aortic cannula. Blood was kept at 38°C 
and oxygenated with a 20% O2, 5% CO2, 75% N2 carbogen gas mixture. the heart 
started to have spontaneous contractions and gradually regained sinus rhythm after 
coronary perfusion was reinstated. In some cases, defibrillation was required with 
10–30 J to restore sinus rhythm. An external pacemaker (Medtronic Model 5388) 
was connected to the left atrium to maintain a stable heart rate as necessary.
Blood gas values and electrolytes were monitored using a Vetscan i-stAt 1 (Abaxis, 
union City, CA, usA). Coronary blood flow was measured by an ultrasonic flow 
probe (em-tec sonno tt 1/2" x 3/32", em-tec GmbH, Finning, Germany) with a flow 
amplifier (HFM-10-1, Lifetec Group, eindhoven, the Netherlands). 

4.3.2 Catheterization and thermistors
the following specific instrumentation was applied in this study: A 6 F guiding catheter 
was advanced to the ostium of the left coronary artery and affixed to the aortic wall. 
the pressure/temperature wire (pressurewire Certus®, st Jude Medical, Minneapolis, 
MN) was advanced through this guiding catheter and positioned in the distal LAD. 
Next, a regular guide wire was also advanced into the distal LAD. Next an over the wire 
balloon (OtWB, Apex, Boston scientific, 12 × 2.5 – 3.5 mm) was advanced over this 
second wire and positioned in the mid LAD, whereafter that second wire was removed. 
In this way the OtWB allowed us both to create a mid-LAD occlusion, and to infuse 

Figure 1: Visualization of the infarct area by infrared camera before (A) and during (B) 
selective infusion of cold saline through the balloon catheter in the occluded coronary artery.  
During cold saline infusion the infarct area becomes hypothermic while the adjacent 
myocardium is not affected as also confirmed by needle thermistors visible in the image.
Moving images of the isolated beating heart and recordings of the cooled infarct area by the 
infrared camera are presented in the supplemental appendix online https://www.ncbi.nlm.
nih.gov/pmc/articles/pMC5340690/bin/ajtr0009-0558-f7.mp4. 
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4.3.4 Statistics
Data are expressed as mean with range. repeatability within an experiment was 
assessed as the relative difference between two consecutive measurements. In this 
study, reproducibility was defined as the capability to replicate the same temperature 
courses among the five experiments using the predefined protocol.

4.4 resuLts

4.4.1 Baseline characteristics and procedural results
Baseline characteristics of the five hearts are presented in Table 1. the isolation, 
instrumentation, resuscitation, and catheterization was uncomplicated and the 
experimental protocol could be performed in all 5 hearts.
In all hearts, infrared camera recordings allowed excellent delineation of the infarct 
area (Figure 1, and supplemental video).

table 1: Baseline characteristics of the five isolated pig heart models
the area at risk was determined at the end of the experiments by methylene blue staining 
of the infarct area and is expressed as a percentage of the mean left ventricular mass of a 
domestic pig. Bpm = beats per minute.

Heart 1 2 3 4 5

Heart rate (bpm.) 126 91 77 102 105

Blood temp (°C) 38.3 38.5 37.7 37.2 38

Area at risk (g, %) 42 (17%) 38 (15%) 55 (22%) 60 (24%) 45 (18%)

4.3.3 Experimental protocol
At first the balloon in the LAD was inflated to 4 atmospheres to create coronary 
occlusion. Immediately thereafter, infusion of 22°C saline (room temperature) at a 
rate of 30 ml/min was started and maintained during the next 5 minutes of balloon 
occlusion. Next, the balloon was deflated, and anterograde blood flow was restored 
while the infusion of saline was continued at a temperature of 4°C at a rate of 30 
ml/min for another 5 minutes. (Figure 3) After an interval of 20 minutes, the whole 
sequence was repeated.
At the end of the experiment after the heart had died, methylene blue staining was 
administered through the inflated balloon to delineate the infarct area post-mortem 
and to determine the mass of the infarct related territory. 

Figure 2: Overview of the thermistor position
the grey zone indicates the infarct area. the black oval indicates the site of occlusion in the 
Left Anterior Descending Artery (LAD)
t infarct proximal: thermistor close to the site of the LAD occlusion; t infarct mid: thermistor 
at the mid infarct area; t infarct distal: thermistor at the distal infarct area; t control: 
thermistor in the non-infarcted myocardium; t vein: thermistor in the proximal great cardiac 
vein
In addition, the guidewire with temperature sensor is present within the distal lumen of the 
coronary artery. (Not shown)

Figure 3: Intracoronary hypothermia protocol
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During the reperfusion phase, temperature in the distal coronary artery decreased 
by 6.2°C (range 4.1– 10.3°C) and myocardial temperature decreased by 4.1°C (range 
0.2 – 7.9°C), 4.2°C (range 0.2 – 7.4°C) and 5.1°C (range 4.2 – 7.0°C) in the proximal, 
mid, and distal infarct areas, respectively. temperature in the non-infarct reference 
area was not affected and remained unchanged during reperfusion. temperature in 
the great cardiac vein decreased by 2.6°C (range 1.5 – 3.4°C). (Table 2)
During the very short time needed to change the infusion of saline from room 
temperature to 4°C, only coronary temperature increased, but myocardial 
temperature remained close to target temperature. (Figure 4 and 5)
After stopping the infusion of saline, all temperatures returned to normal within 60 
seconds. 
the relation between distal coronary temperature and myocardial temperature – 
important for safe application of this technique in humans with AMI – was reproducible 
in all hearts, but differed between the occlusion and reperfusion phase (Figure 4), 
which will further be explained in the discussion. 

4.4.2 Coronary and myocardial temperature during saline infusion
the target myocardial temperature of 4°C below blood temperature was obtained in 
all hearts with the exception of the first one, in which the mean temperature decrease 
was 3.5°C. the mean time intervals to target temperature in the coronary artery and 
the different parts of the infarct area are listed in table 2.

table 2: top, time to induce the target temperature in the distal coronary artery and at 3 sites 
of the infarct area. 
Bottom, blood and myocardial temperatures during the occlusion and reperfusion phases.
temperature in the reference myocardium remains unchanged and normal during all 
experiments.

Occlusion
mean [range]

reperfusion
mean [range]

time to achieve 34°C (s)

Coronary artery 4.6 [3.6 – 5.1] - -

Infarct area

proximal 56 [37.5 – 89.5] - -

mid 77.1 [42.3 – 130.6] - -

distal 110.1 [62.9 – 176.4] - -

temperature in °C 

Coronary artery 26.5 [25.4 – 28.5] 31.7 [27.6 – 33.8]

Infarct area

proximal 32.6 [29.9 – 36.4] 33.8 [30.0 – 37.7]

mid 33.0 [29.3 – 35.6] 33.7 [30.5 – 37.7]

distal 32.7 [30.3 – 36.4] 32.8 [30.9 – 33.7]

Great cardiac vein 34.4 [33.5 – 36.0] 34.7 [33.6 – 35.5]

An example of the temperature recordings at all relevant sites during occlusion and 
reperfusion is illustrated in figure 4 and a mean graph of all hearts is shown in figure 5. 
During the occlusion phase, temperature in the distal coronary artery decreased by 
11.4°C (range 9.4–12.5°C) and myocardial temperature by 5.3°C (range 1.5 – 8.0°C), 
4.9°C (range 2.3 – 8.6°C) and 5.2°C (range 1.5 – 7.6°C) in the proximal, mid, and distal 
infarct areas, respectively. temperature in the non-infarct reference area was not 
affected and remained unchanged during occlusion. temperature in the great cardiac 
vein decreased by 2.9°C (range 1.0 – 4.2°C).

Figure 4: Continuous registration of the temperatures in the coronary arterial blood, 
the proximal infarct area, the mid infarct area, the distal infarct area, and the reference 
myocardium during one experiment.
After the coronary artery is occluded, there is a rapid induction of the target temperature in 
the infarcted myocardium during an infusion of 30 ml/min saline at 22°C. the temperature 
remains stable during the occlusion phase. In the reperfusion phase (middle vertical line), the 
infusion rate is maintained at 30 ml/min, but the temperature is lowered to 4°C. this results 
in a stable myocardial temperature in the infarct area.
In the reperfusion phase, the temperatures at the different sites within the infarct area are 
closer to the temperature in the coronary artery. this is explained in the discussion.
During the very short time needed to change the temperature of the infused saline (between 
the left and middle vertical line), only coronary temperature increases rapidly, but myocardial 
temperature remains at the target temperature. temperatures normalize rapidly after 
stopping saline infusion during the reperfusion phase (right vertical line).

C
H

Ap
te

r

4



80 81I n t r a c o ro n a r y  H y p o t h e r m i a I n t r a c o ro n a r y  H y p o t h e r m i a  fo r  A c u t e  M y o c a r d i a l  I n f a rc t i o n  i n  t h e  I s o l a t e d  B e a t i n g  p i g  H e a r t

table 3: temperature of the coronary blood and the infarct area (proximal, mid and distal) 
measured during the occlusion (200 seconds) and reperfusion phases (600 seconds). 
repeatability is expressed as the relative difference between two consecutive measurements 
(delta %). In the first heart no repeatability experiment was performed.

  Blood Proximal Mid Distal

Exp1 26.13 35.02 36.25 36.77

∆% - - - -

Exp2a 25.45 30.19 32.36 34.17

Exp2b 25.72 30.58 32.39 34.45

∆% -1.1 -1.3 -0.1 -0.8

Exp3a 26.91 30.76 30.54 31.83

Exp3b 25.87 29.64 29.21 30.18

∆% 3.9 3.6 4.4 5.2

Exp4a 28.23 33.03 33.59 33.62

Exp4b 26.6 32.43 33.33 33.36

∆% 5.8 1.8 0.8 0.8

Exp5a 25.97 36.92 35.43 30.32

Exp5b 25.23 37.02 35.94 30.55

∆% 2.8 -0.3 -1.4 -0.8

temperatures measured at 200 seconds from the start of the protocol

4.4.3 repeatability and reproducibility
With the exception of the first heart, the cooling protocol was performed twice 
in each heart with an interval of 20 minutes as described in the methods. relative 
differences between the two measurements of myocardial temperatures were small 
and are shown in table 3. the temperature courses of the 5 experiments were similar 
and reproducible.

Figure 5: Graph demonstrating the mean ± seM of the temperature in the infarct area 
recorded in the five experiments.
At 300 seconds, the first dotted line indicates the start of reperfusion when changing the 
infusion temperature from 22°C to 4°C. After 600 seconds (the second dotted line) the 
infusion of cold saline is stopped, whereafter temperatures normalize within minutes.
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using routine pCI equipment. Our experimental setup allowed the relationship 
between coronary temperature distal to the occlusion and myocardial temperature 
to be carefully assessed.
Currently there is no effective therapy for preventing reperfusion injury in patients 
with acute myocardial infarction. Factors responsible for this complex cascade of 
reperfusion-induced myocardial necrosis include oxidative stress, mitochondrial 
dysfunction, calcium overload, depletion of high-energy phosphates, infiltration 
of leucocyte aggregates with activation of cytokines and vasoconstrictors, and 
intramyocardial edema with no-reflow. 6, 7, 44-47 therefore, the pathophysiology of 
reperfusion injury offers numerous therapeutic windows of opportunity, but all clinical 
studies focusing on a single part of the cascade (such as the use of anti-oxidants, 
calcium-channel blockers, anti-inflammatory agents and cyclosporine) have not been 
able to prove a clear benefit.
this absence of effect may be due to several factors including treating an 
epiphenomenon instead of a true pathophysiologic part of the cascade, intolerable 
delay in door-to-balloon time, or maybe because the therapeutic agents only reach 
the target tissue (i.e. infarcted myocardium) after reperfusion has occurred. 
Hypothermia has proven to affect almost every pathway involved in reperfusion injury 
and has proven to be effective in a number of experimental studies, but is limited 
by the time needed to reach the target temperature and undesirable side-effects 
(such as shivering, enhanced adrenergic state, and iatrogenic volume overload) when 
using whole body cooling. Moreover, it is unclear to what extent the endangered 
myocardium behind an occluded coronary artery is truly cooled.
Our study is the first to overcome these limitations, enabling fast and selective 
cooling, and reaching specifically the target tissue before onset of reperfusion, while 
being able to monitor the temperature in the distal coronary artery.

4.5.1 Unique strengths of the present study
the methodology used in the present study has some unique advantages compared 
to earlier studies in this field. For safe and effective application of selective 
hypothermia to protect endangered myocardium from reperfusion injury in humans, 
three conditions are paramount. First, the endangered myocardium should be cooled 
to the target temperature quickly enough to avoid delay in pCI and opening of the 
vessel. With our protocol, a decrease by 4°C below body temperature was achieved 
within minutes. (Figure 4 and 5.)
second, the cooling must be limited to the infarct area and not affect the adjacent 
healthy myocardium. using the infrared camera and thermistors in the control area, 
we confirmed that hypothermia was limited to the perfusion territory of the infarct-
related artery (as expected because cold saline is administered only distal to the 
occlusion).

table 3: Continued

  Blood Proximal Mid Distal

Exp1 33.73 33.45 33.7 33.73

∆% - - - -

Exp2a 33.9 33.72 33.73 34

Exp2b 33.02 33.82 33.65 34.13

∆% 2.6 -0.3 0.2 -0.4

Exp3aa 33.88 33.61 33.44 33.56

Exp3b 33.71 34.15 34.17 34.01

∆% 0.5 -1.6 -2.2 -1.3

Exp4a 28.33 30.19 30.9 31.09

Exp4b 31.75 33.46 33.9 34.32

∆% -12.1 -10.8 -9.7 -10.4

Exp5a 29.9 37.62 36.73 31.99

Exp5b 29.91 37.57 36.72 31.48

∆% -0.03 0.1 0.03 1.6

temperatures measured at 600 seconds from the start of the protocol

4.5 DIsCussION

In this beating pig heart model we demonstrated the feasibility of selective 
intracoronary infusion of cold saline as a method to achieve myocardial hypothermia 
for potentially limiting reperfusion injury. using routine equipment of an over-the-
wire balloon infusion catheter and an intracoronary pressure/temperature wire, we 
were able to cool the endangered myocardium selectively, rapidly, and stabily without 
side effects. At an infusion rate of 30 ml/min saline at a temperature of 22°C in the 
occlusion phase and 4°C in the reperfusion phase, the target temperature of 34°C 
was rapidly achieved and maintained. repeatability was excellent.
In addition, and in contrast to earlier studies in this field, the saline infusion rate was 
primarily determined and safe-guarded by intracoronary temperature measurement 
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side effects in the pig heart, which is usually more vulnerable to ischemic arrhythmia 
than a human heart, is reassuring. 
third, it has not been firmly established that a myocardial temperature of 4°C below 
body temperature, is the most effective temperature for preventing reperfusion 
injury. the choice of 4°C is therefore somewhat arbitrary. Nevertheless, because of 
other studies with hypothermia both in animal and in human organs, like the brain, 
and based upon data from cardiac surgery, we selected a decrease of 4°C as the 
target for this study.39, 49

Fourth, it is unclear when hypothermia should be started and how long it should be 
continued. From a theoretical point of view, it seems plausible to assume that cooling 
time before opening the occluded coronary artery can be short and that the major 
condition here is that the temperature has decreased sufficiently at the moment 
when reperfusion occurs. It is unknown how long after reperfusion hypothermia 
should be continued. the post-reperfusion hypothermia period of 5 minutes in our 
study was chosen because of practical considerations and is arbitrary.
Fifth, it should be emphasized that this study focuses only on the method of applying 
selective intracoronary hypothermia and did not evaluate outcome effects on infarct 
size compared to normothermia or standard therapy. the logical next step is assessing 
of safety and feasibility of this method in human subjects with acute myocardial 
infarction. such study is currently performed, using exactly the same interventional 
methodology as in the present study (Clinicaltrials.gov. Identifier NCt02753478). 
Only thereafter, a larger randomized controlled outcome study comes into 
perspective as proof-of-principle. the present study is a first but mandatory step in 
such promising development and justifies further investigations.

4.7 CONCLusION

In the isolated beating pig heart model of acute myocardial infarction, controlled 
and selective myocardial hypothermia can be achieved rapidly, safely, stable, and 
effectively. Our technique adds the advantage of minimal volume load and uses 
standard pCI equipment. 
this study justifies further investigation on the use of intracoronary hypothermia in 
patients with acute myocardial infarction to reduce reperfusion injury and infarct size.
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third, and maybe most importantly, to apply such a technique safely in humans it is 
paramount to monitor and control the temperature in the distal coronary artery and 
the myocardium. this was achieved in our study by the presence of a commercially 
available pressure/temperature sensor-tipped guidewire in the distal coronary 
artery and by showing a reproducible relationship between distal coronary artery 
temperature and temperature in the endangered myocardium. 
thus in contrast to earlier studies, the paramount conditions for clinical application of 
intracoronary hypothermia were fulfilled in the present study. 
In addition, the total volume of saline is limited in our protocol to 300-600 ml, thereby 
avoiding volume overload. 

4.5.2 relation between coronary and myocardial temperature during cooling
Of special interest is the relationship between distal coronary temperature and 
myocardial temperature during saline infusion throughout the occlusion and the 
reperfusion phases, as demonstrated in figure 4 and 5.
During the occlusion phase, coronary blood flow is interrupted and cooling of 
the myocardium occurs mainly by the physical phenomenon of heat-conduction. 
Consequently, there is a temperature gradient between the coronary artery and the 
myocardium.
During the reperfusion phase, distal coronary blood flow is present again and cooling 
of the dependent myocardium occurs mainly by heat-convection. Consequently, 
only a minimal temperature gradient is present between the coronary artery and 
the surrounding myocardium. these phenomena also explain why the adjacent, non-
infarcted myocardium does not cool down, as it is the convection heat from the 
non-infarcted coronary artery that maintains normal temperature in the reference 
area. understanding of these phenomena and a reproducible relation between distal 
coronary and myocardial temperature is important for safe application in humans, 
when the rate of cold saline infusion needs to be guided by the achieved coronary 
temperature.

4.6 stuDy LIMItAtIONs

Our study has several limitations.
First, although the isolated beating pig heart is an elegant way of replacing classical 
in vivo animal studies of simulating acute myocardial infarction, ex vivo testing is not 
equivalent to in vivo testing. Not all physiologic feedback mechanisms remain intact 
in the isolated heart and unknown differences may be present. 48

second, there is a difference between an artificial LAD occlusion in an isolated 
beating pig heart and a myocardial infarction in humans. the absence of noticeable 
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before the onset of reperfusion, however, attenuates myocardial reperfusion injury, 
thereby reducing infarct size 17, 19–24. unfortunately, translation of these beneficial 
results to humans has been disappointing so far 16, 25-28. this is probably due to the 
fact that human studies investigated systemic cooling methods that used different 
cooling catheters in combination with intravenous cold fluid infusion, to achieve 
target temperature before the onset of reperfusion. Most patients in the hypothermia 
groups however, did not reach this target temperature quick enough if at all 29. this 
slow induction may be due to the fact that systemic cooling methods have to cool off 
the entire body mass. Furthermore, many patients experience intolerable shivering 
which may lead to cessation of cooling or the need for sedatives often requiring 
mechanical ventilation with its own risks. Additionally, whole body cooling may require 
up to 2 liters of cold saline that may cause volume overload especially in patients with 
an impaired left ventricular function.
to overcome these drawbacks of systemic cooling, a clinical applicable intracoronary 
cooling method was developed in which hypothermia can be applied selectively to the 
infarct area 30, 31. In this method, the culprit coronary artery was kept occluded with an 
inflated balloon catheter at the location of the stenosis to prevent reperfusion with 
warm blood, the occlusion phase. through a lumen in this balloon catheter, saline at 
room temperature was injected selectively in the infarct area. Next, when the balloon 
was deflated allowing reperfusion, the temperature of the infused saline was lowered 
to 4°C in order to compensate for the mixing with warm blood, the reperfusion phase. 
this process is monitored using direct thermistor-based measurements of 
temperature (and pressure) in the occlusion and reperfusion phases. this method 
was first tested in an isolated beating pig heart model of AMI, in which local cooling 
of the myocardial area at risk (AAr) was successfully achieved, while having direct 
feedback on coronary temperature by a pressure/temperature sensor-tipped wire 
in the distal coronary artery. Furthermore, the temperature of the myocardial AAr 
was measured with needle thermistors at three locations and a reproducible relation 
between the distal coronary and the infarcted myocardial temperature was observed. 
When applying this method to humans, the myocardial needle thermistors are 
evidently absent and only the intracoronary sensor is present. therefore, there is an 
unmet need for a model that can predict the temperature of the myocardial AAr by 
the measured intracoronary temperature. 
In other words, the purpose of this study is to design a computational model, 
which is able to predict the myocardial temperature from the intracoronary arterial 
temperature. In future clinical studies of AMI patients treated with intracoronary 
hypothermia, this model also may be used as an assistive tool to calculate the patient 
specific saline infusion rate and temperature requirements needed to achieve an 
optimal therapeutic myocardial temperature for each individual patient.

5.1 ABstrACt

Hypothermia, if provided before coronary reperfusion, reduces infarct size in animal 
models of acute myocardial infarction (AMI). translation to humans failed so far, 
due to the fact that systemic hypothermia methods were studied, which are slow 
and therefore not able to reach the target temperature within the endangered 
myocardium on time or at all. Furthermore, systemic application of hypothermia 
could lead to circulatory volume overload and, in awake patients, may cause shivering 
and an enhanced adrenergic state. Hence, a clinically applicable method has been 
developed to provide intracoronary hypothermia using cold saline, selectively infused 
into the infarct area. 
In this study, a lumped parameter model has been designed to support the clinical 
method and to describe this intracoronary cooling process mathematically. this 
model is able to predict the myocardial temperature changes over time based on 
the temperature and timing of the intracoronary injected cold saline. It was verified 
using data from an isolated beating pig heart model and data from patients with AMI 
undergoing intracoronary hypothermia.
In prospective, the computational model may be used as an assistive tool to calculate 
the patient specific flow rate and temperature of saline required for reliable 
achievement of the target myocardial temperature in the hypothermia enhanced 
clinical treatment of AMI.

5.2 INtrODuCtION

Despite important gains in survival in the last decades, coronary artery disease, 
especially acute myocardial infarction (AMI), remains the leading cause of death in the 
world 1–5. In AMI patients, infarct size relates directly to short- and long-term mortality 
and to the development of chronic heart failure 6–8. therefore, limiting infarct size 
is of paramount importance. to reduce infarct size, the preferred therapy of AMI is 
timely reperfusion by primary percutaneous coronary intervention (ppCI)9. Although 
reperfusion is essential to save myocardium, the process of restoring blood flow to 
the ischemic area can induce different forms of myocardial injury and cardiac myocyte 
death beyond that due to the ischemia itself: a phenomenon known as myocardial 
reperfusion injury 10–12. Myocardial reperfusion injury may even account for up to 50% 
of the total infarct size 13. Currently, there is no effective therapy to reduce myocardial 
reperfusion injury in humans 14, 15. therefore, preventing myocardial reperfusion injury 
is the focus of this study.
In experimental studies it is shown that hypothermia initiated at the onset or after 
reperfusion does not reduce infarct size 16–18. Mild hypothermia (32 - 34°C) induced 
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entropy of mixing effects and assume constant heat capacity in the temperature 
range of interest, these two flows mix to a temperature Tx:

 
(1)

With cb and cs the specific heat capacity of blood and saline , respectively.

Furthermore, conductive heat transfer (Figure 1, black dashes) occurs between: 
1) artery and ambience 2) artery and myocardium, and 3) artery and vein with the 
thermal resistances Ra0, Ram, and Rav, respectively. the mathematical description of the 
intracoronary temperature response is as follows: 

 
(2)

Where Ca = Va bcb with Ca the intra coronary arterial thermal capacitance , Va the  
volume of the intra coronary artery [m3], and b the density of blood . Furthermore, 
the thermal resistances  with , di a representative heat 
transfer thickness, Ai a representative heat transfer surface area, and km the thermal 
conductivity of the material. Finally, x and cx are the density  and specific heat 
capacity  of the mixture of blood and saline, respectively.

the myocardial temperature response
the mixture of blood and saline leaves the intra coronary artery with temperature 
Ta and flow Ø0 into the myocardium, where conductive heat transfer takes place 
between: 1) intra coronary artery and myocardium, 2) myocardium and ambience, 
and 3) vein and myocardium with the thermal resistance Ram, Rmv, and Rm0, respectively. 
the mixture of blood and saline leaves the myocardium with temperature Tm and flow 
Ø0. this results in:

 
(3)

Where Cm = m * ct with Cm the myocardial thermal capacitance, m the mass of the 
AAr [kg], and ct the specific heat capacity of myocardial tissue.  with 

 are again the thermal resitances.

the venous temperature response
subsequently, blood flows (Ø0) to the venous side with temperature Tm joining an 
extra blood flow (Øv), which originates from other parts of the myocardium. these 
two flows mix to temperature Tx2 and enter the vein: 

 
(4)

Conductive heat transfer occurs between: 1) myocardium and vein 2) vein and 
ambience, and 3) artery and vein with the thermal resistances Rmv, Rv0, and Rav, 
respectively, resulting in:

5.3 MetHODOLOGy 

5.3.1 theoretical background 
Assuming that a global distribution of blood flow, pressure, and heat transfer is 
sufficient to describe the temperature distribution in the coronary circulation, a 
lumped parameter model is used to describe the temperature response in the coronary 
circulation for the occlusion and reperfusion phase based on three compartments: 1) 
the coronary artery (red) representing the infarct related coronary artery distal to 
the occlusion and the arterial side of the microcirculation, 2) the myocardial AAr 
(bronze), and 3) the coronary vein (blue) representing the assembly of all coronary 
veins and the venous side of the microcirculation (Figure 1). In addition, the boundary 
of every compartment, or ambience (white area), is set on body temperature (T0). 
For complete understanding, in the sequel of this section, the compartments are 
described individually.

the intra coronary arterial temperature response
the first compartment, the arterial side of the coronary circulation, has an inflow 
of saline (Øs) and blood (Øb) with temperature Ts and Tb, respectively, which results 
in a different inflow (Øo) during the occlusion and reperfusion phase. If we neglect 

Figure 1: schematic overview of the numerical model with three compartments: the arterial 
side (red), the myocardial AAr (bronze), and the venous side (blue). Heat transfer caused by 
convection and conduction are indicated with arrows and black parallel dashes, respectively.
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pigs in which an over the wire balloon (OtWB) was positioned in the mid-LAD allowing 
both to create a mid-LAD occlusion and to infuse saline through its lumen selectively 
into the AAr. During the occlusion and reperfusion phase, both of approximately 5 
min, saline of 22˚C (71.6°F) and 4˚C (39.2°F), respectively, was infused (30 mL/min) 
with an infusion pump. the temperature was continuously monitored by a pressure/
temperature guidewire (pressureWire Certus, radi, Mineapolis, MN) and thermistors 
(Hyp-1 connected to tC-08 thermocouple data logger, OMeGA engineering INC, 
Connecticut, usA) at six locations: distal coronary artery, three myocardial positions 
throughout the infarct area, reference myocardium, and the great cardiac vein (Figure 
3C). Figure 3 shows the porcine heart models before (A) and during (B) injecting of 
saline recorded with a thermal imaging camera; the darker the color, the lower the 
temperature. As can been seen in the figure, the cooling is localized to the AAr.

5.2.2.2 Clinical study SINTAMI
the safety and feasibility of intracoronary hypothermia in acute myocardial infarction 
study (sINtAMI), assessed safety and feasibility of the intracoronary hypothermia 
method in humans. In this study, 10 patients with acute myocardial infarction were 
included in which after identifying the culprit artery, an OtWB was placed at the 

 
(5)

Where Cv = Vv bcb with Cv the venal thermal capacitance and Vv the volume of the 
vein and  with  the thermal resistances for the venous 
temperature response . 
the initial temperatures (Ta, Tm, and Tv) are set on body temperature. the flow inputs 
dependent on the phase. saline (purple) flows during both phases (occlusion and 
reperfusion), while blood (yellow) flows only during the reperfusion phase. In addition, 
Øv (blue) is a constant flow (Figure 2).to maintain simplicity, x and cx are assumed to 
have the same value as b and cb, respectively.

5.2.2 Data
In this study, two datasets are used to calibrate respectively verify the model: 1) a 
dataset obtained from isolated beating porcine hearts, which contains intra coronary, 
myocardial, and venous temperatures of five experiments30 and 2) a dataset obtained 
from the clinical sINtAMI study31 containing intra coronary temperature and aortic 
(Pa) and distal (Pd) pressures of 10 patients (Appendix D). this section gives a brief 
description of the procedures used to obtain these data.

5.2.2.1 Isolated beating porcine hearts
A full description of the isolated beating porcine heart model of AMI is described 
elsewhere32. In short, five porcine hearts were obtained from Dutch landrace hybrid 

Figure 2: the venous flow (Øv, blue), saline and blood flow combined (Ø0, Orange), blood flow 
(Øb, yellow), and saline flow (Øs, purple) input over time.

Figure 3: Visualization of the infarct area by infrared camera before (A) and during (B) selective 
infusion of cold saline through the balloon catheter in the occluded coronary artery. there is 
excellent delineation of the infarct area and no myocardial temperature decrease observed 
outside the infarct area. C) Overview of the thermistor position: the grey zone indicates the 
infarct area. the black oval indicates the site of occlusion in the Left Anterior Descending 
Artery (LAD). T infarct proximal: thermistor close to the site of the LAD occlusion; T infarct 
mid: thermistor at the mid infarct area; T infarct distal: thermistor at the distal infarct area; T 
control: thermistor in the non-infarcted myocardium; T vein: thermistor in the proximal great 
cardiac vein. In addition, the guidewire with temperature sensor is present within the distal 
lumen of the coronary artery. (Not shown).
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(SSE) between the experimental data (y) and the simulation of the model ( ) is 
the minimized:

 
(6)

With the coronary arterial temperature as experimental data y = [Ta],  as the  
simulation of the model with the estimated parameters 

 and i the data points (100 per sec.).
In order words, this method is searching for a combination of parameters, which 
will lead to the most optimal simulation in relation to the data. this combination of 
parameters will be called the optimal parameter vector. It is possible that the method 
gets stuck in a local minimum, which prevents to find the globally optimal parameter 
vector. therefore, an initial parameter space of 100 samples is generated based 
on Latin Hypercube sampling (LHs) within a physical realistic range obtained from 
literature (see 0). the method will run 100 times based on different initial parameters 
to overcome the local minima. 

5.2.4 Sensitivity analysis
In order to identify the important parameters, the variance based sensitivity analysis 
(VBsA) is applied on the model. this method is widely used, because it is global, 
quantitative, model free, and easy to interpret and implement33,34. Furthermore, VBsA  
is able to identify parameters, which can be fixed in their uncertainty range (Factor  
Fixing) and finds the importance ranking amongst the parameters (Factor  
prioritization). the VBsA suggest that the total variation of the output can be 
fractionated in the variation of the individual parameters and their interactions 33,34. 
A parameter with a large contribution to the variance of the total output, identified 
with a high main sensitivity index (SM), should be measured as accurately as possible 
to reduce the total variance of the output. the purpose of SM is Factor prioritization. 
A parameter with a small contribution to the total variance of the output, including 
its interactions, could be fixed in its uncertainty range, because the outcome of the 
output would not depend on this parameter. these are the parameters with a low 
total sensitivity index (ST). the indices are computed based on an approximation 
method of saltelli (2002)35. 

5.3 resuLts

5.3.1 results porcine beating hearts
For verification of the model, the porcine dataset underwent small adjustments to 
synchronize the occlusion and reperfusion phases of the different experiments. to 
compare the myocardial data with the simulation, the mean myocardial temperature 

location of the occlusion to prevent reperfusion. A pressure/temperature wire was 
inserted next to this catheter, which was connected to two saline infusion pumps of 
150 ml. (Figure 4). this was followed by infusion of saline of 22°C (71.6°F) with a start 
flow of 20 mL/min to target an intracoronary arterial temperature decrease of 7°C 
(44.6°F). After maximal 10 minutes of occlusion, the balloon was deflated to restore 
the blood flow, and saline of 4°C (39.2°F) with a flow the same as at the end of the 
occlusion phase was injected to maintain the distal coronary temperature decrease. 
During both the occlusion and reperfusion phases, the flow of saline was adjusted 
if needed. After maximal ten minutes of reperfusion, the saline flow was stopped 
after which coronary temperature normalized quickly and regular ppCI procedure 
followed. the aortic (Pa) and distal (Pd) pressure and intracoronary temperature (Ta) 
to the occlusion were monitored (see Appendix C).

5.2.3 Parameter estimation
the model is implemented in MAtLAB r2015b and the ordinary differential equations 
describing the arterial and myocardial temperature response are solved with the 
MAtLAB solver ode15s. For the estimation of the parameters, the MAtLAB non-
linear least squares function (lsqnonlin) is used, such that the squared difference 

Figure 4: set-up of the sINtAMI study. Catheter is connected to two saline pumps (pump 1 
and 2) of 150 mL. OtWB is placed at the location of the occlusion and a pressure/temperature 
wire is inserted along with the catheter. the radiAnalyzer monitors the Pa and Pd and intra 
coronary temperature distal to the occlusion.

C
H

Ap
te

r

5



102 103I n t r a c o ro n a r y  H y p o t h e r m i a
A  p r e d i c t i v e  c o m p u t a t i o n a l  m o d e l  t o  e s t i m a t e  m y o c a r d i a l  t e m p e r a t u r e  d u r i n g  i n t r a c o r o n a r y 
h y p o t h e r m i a  i n  a c u t e  m y o c a r d i a l  i n f a r c t i o n

corresponding data. 2) the model should distinguish the different relation between 
the arterial and myocardial temperature during both phases due to flow. 3) When the 
saline flow stops, both temperature responses should return to body temperature. 
4) the parameters in the model should be within physiologically realistic range. the 
arterial (red) and myocardial (orange) simulations shown in Figure 5, meet the above 
mentioned requirements, except for the values of the arterial and venous area of the 
microcirculation those are not within the physiologically realistic range. 

5.3.2 results clinical study
In the porcine experiments, the occlusion was created by the OtWB matched to the 
size of the arterial lumen. In the patients the already existing occlusion is dilated by 
the balloon. therefore, after opening and deflation of the balloon, the coronary artery 
may recoil, which increases the resistance of the stenosis (Rs). this increase of Rs 
causes a decrease of the distal pressure (Pd). subsequently, the decrease in Pd results 
in an increase of Rm by assuming that in baseline flow the myocardium resistance (Rm) 
depends on the distal pressure Pd. Consequently, the flow F is related to both Pd and 
Rm, which both will vary in time. With assumption that the venous pressure Pv ≈ 0, this 
yields:

 
(7)

As mentioned, the assumption has been made that Rm depends on the Pd; therefore, 
Rm is described as follows:

 
(8)

With  and F0 representing the flow just after revascularisation. substituting 
(8) in (7) results in: 

 
(9)

In the model, F0 is defined as Øa.
In summary, the flow has a linear relation with pressure and resistance (7), but the 
resistances (Rm and Rs) change over time. therefore, the flow is approximated with 
the quadratic decrease of Pd based on experimental observations. 
Figure 6 shows the arterial (red) and myocardial (orange) temperature response 
simulated by the model with parameters fitted on the arterial data (grey) of patient 2 
as example. As can been seen, during the occlusion phase (0-420s), the temperature 
drops quickly. thereafter, the reperfusion phase starts with a larger oscillation of 
the temperature due to the increase of flow. As aimed for, the temperature drops 
to approximately the same temperature as for the occlusion phase. Furthermore, 
the figure shows that the arterial temperature is very well simulated and the 
prediction of the myocardial temperature is realistic. the simulation of every patient 
is presented in Appendix B, except for patient 6, 7, and 8, for which the procedure 

of the three thermistors (N1, N2, and N3) is used. For the occlusion phase, the data of 
the first 290 seconds are selected, which is presented in every experiment, except for 
experiment 1. Assuming that the temperature responses of experiment 1 had reached 
its plateau after 160 sec., the arterial and myocardial temperatures are prolonged with 
their end temperature till 290 sec. then, the start of the reperfusion phase is set at 
340 seconds for every experiment and remained for 272 seconds. As can been seen 
in Figure 5, the myocardial data (standard deviation in light grey) decreases by 5.5 ± 
2.6˚C (41.8 ± 36.7˚F) (mean ± standard deviation) and 4.1 ± 0.9˚C (39.3 ± 33.6˚F) 
during occlusion and reperfusion phase, respectively. the arterial data (standard 
deviation in dark grey) decreases by 12.0 ± 0.5˚C (53.7 ± 32.9˚F) and 5.0 ± 1.7˚C 
(41.0 ± 35.1˚F) during occlusion and reperfusion phase, respectively. Notably, during 
the occlusion phase, there is a large difference between the myocardial and arterial 
temperature, while during the reperfusion phase, these temperatures are about the 
same. this is caused by the different heat exchange during both phases. During the 
occlusion phase, the flow is slow, which results in heat exchange mainly by conduction. 
this results in a temperature gradient from the artery to the myocardium. In contrast, 
the flow during the reperfusion phase is higher. therefore, convection is dominating, 
which results in similar arterial and myocardial temperatures.
the unknown parameters are fitted on the measured mean arterial temperature 
(12.0˚C and 5.1 ˚C for occlusion and reperfusion phase, respectively) of the five 
datasets. the simulation of the data should satisfy the following requirements: 1) the 
simulation of the arterial and myocardial temperature should follow the trend of the 

Figure 5: the standard deviation of the arterial (dark grey) and myocardial (light grey) 
temperature of the five experiments and the arterial (red) and myocardial (orange) simulation, 
in which the parameters are fitted on the mean of the arterial data of the five experiments.
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(Figure 7A). Due to their low ST, the parameters that can be fixed in their uncertainty 
range are Av0, Va, and Vv. the arterial flow Øa also has a low ST, but needs to be adjusted 
for the reperfusion phase. the other parameters (m, Aa0, Aav, Am0, Avm, and Øv) show a 
small Sm and a larger ST, which means that their interactions are important. 

5.4 DIsCussION

In this study, a computational model is designed, which is able to describe the heat 
distribution in the coronary circulation during selective intracoronary hypothermia 
caused by infusion of saline in the infarct-related artery in AMI patients. It is shown 
that this model is able to predict a realistic myocardial temperature based on the 
intracoronary arterial temperature.
experimental studies have shown that mild hypothermia, induced before reperfusion 
of an AMI, attenuates myocardial reperfusion injury and, thereby, reduces the infarct 
area. However, human studies gained negative results that may due to systemic 
cooling. systemic cooling acts very slowly; therefore, the target temperature may not 
have been reached before the onset of reperfusion 29. 
selectively intracoronary infusion of saline could make, therefore, hypothermia 
clinically applicable. As shown in 30, the cooling is restricted to the jeopardized 
myocardium, very quickly achieved, and stable maintained. therefore, the systemic 
complications can be avoided. 
to describe mathematically the intracoronary method, a model of heat distribution 
per compartment was developed. this model is able to describe the cooling process 
and the trend of the temperature curves obtained from the isolated beating porcine 
heart of myocardial infarction (Figure 5). In contrast to the isolated beating porcine 
heart, in humans it is not possible to measure the actual myocardial temperature in 
the AAr and hence the model is effective to predict a realistic temperature (see 
Appendix D). this study also has some limitations, which will be discussed below.

5.4.1 Limitations of the porcine data
Data of porcine beating hearts is used to verify the model. Otterspoor et al. (30) 
mentioned the study limitations for the porcine beating heart experiments concerning 
the study set up and the anatomic differences between pig and human. A difficulty 
in the porcine experiments for this study was the large variation in myocardial 
temperatures between the experiments during the occlusion phase which hampered 
an unambiguous estimation of the model parameters. As mentioned before, during 
the occlusion phase, heat transfer mainly occurs by conduction, which leads to a 
less homogenously spreading of heat than convection dominated heat transfer. 
In combination with placing of the thermistors based on the human eye and the 
complexity of the coronary circulation, the temperature leads to a wide spreading of 

could not completely be followed. therefore, these patient data could not be used 
for verification of the model.

5.3.3 results Sensitivity analysis
the VBsA is applied on the model with the sse as output (6). the parameters are 
estimated based on the arterial data (y = [Ta]) during the occlusion phase. Furthermore, 
the number of realizations is N = 1000k with k the number of parameters. 

Figure 7 shows the mean SM (A) and the total ST (B) index of the 11 parameters. As can 
been seen in this figure, the parameter with the largest contribution to the variance 
of the total output is Aam (the area between the arterial and myocardial compartment)

Figure 6: the intra coronary arterial data (grey) temperature response and the simulation 
of the intra coronary arterial temeprature (red) and the prediction of the myocardial (red) 
temperature.

Figure 7: the main (A) and total (B) sensitivity index of VBsA with realisations and parameters 
estimated on the arterial data during the occlusion phase.
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5.4.4 Limitations of the model
the model is a lumped parameter model, which does not consider spatial variations. 
In addition to the simplification and the exclusion of spatial variations, the model 
contains some further limitations. First, the specific heat and the density of the 
incoming flow into the artery is assumed to be equal to the specific heat of blood, 
while the incoming fluid is a mixture of blood and saline. therefore, the specific heat 
and the pressure is time dependent and depends on the amount of flow of saline and 
blood and the amount of blood already in the compartment. the density of saline 
(1004.6 kg/mL) is less than 5% smaller than the density of blood 10; therefore, can be 
assumed to be equal. the specific heat of saline (4190 ) is approximately 13% 
larger than the specific heat of blood (3651 ). this linearization is sufficient for 
the reperfusion phase, because the blood flow is at least three times larger than the 
saline flow. However, during the occlusion phase, only saline is entering the vessel 
and mixes with an unknown amount of blood distal to the occlusion. therefore, the 
incoming fluid during the occlusion phase would have a specific heat more towards 
the saline than the blood, especially at the end of the occlusion phase. A higher 
specific heat means that more heat is needed to change the temperature, which 
would lead to a colder arterial temperature than is simulated with the current model. 
this could improve the simulation of the porcine data and the results of patient 5 and 
9, for which the simulated arterial temperature during the occlusion is slightly higher 
than the data (Appendix C).
secondly, the model is applied on AMI patients with occlusions in the LAD. Although 
it is expected that the temperature response can be simulated for occlusions in other 
coronary arteries with parameters adjusted to the size and location of the occlusion, 
this should be further examined.

5.4.5 Sensitivity analysis
the sensitivity analysis is performed to indicate the parameters, which should be 
measured accurately (high SM) and which can be fixed in their uncertainty range (low 
ST). the VBsA identifies a high SM for Aam, which would make the model more accurate 
when it is measured precisely. Furthermore, Av0, Va, and Vv are not influencing the 
outcome of the model within their uncertainty range and they can, therefore, be 
fixed. this would make the simulation of the temperature response faster. It has been 
assumed that the number of simulations are sufficient to determine the sensitivity 
indices; however, a bootstrapping method should confirm this assumption. Finally, if 
the important parameters are coupled to the patient data, the model could be made 
patient specific and used for planning of treatment.

myocardial temperatures during the occlusion phase between the experiments, while 
the arterial temperature is about the same for every experiment. Figure 5 shows 
that the model is able to simulate the trend of the myocardial temperature very well. 
However, in order to determine a more precise myocardial temperature during the 
occlusion phase based on the intracoronary arterial temperature, more myocardial 
data are necessary. In contrast, the reperfusion phase is dominated by convection, 
which results in a homogenously dispersion of the cooling; therefore, the myocardial 
temperature is less depending on the location of the thermistors and the arranging 
of the coronary vessels. this results in similar arterial and myocardial temperature 
responses during the reperfusion phase. therefore, the myocardial temperature is 
simulated more accurately during the reperfusion phase.

5.4.2 Myocardial resistance
Another uncertainty of the model is the determination of the parameters concerning 
the resistance of the myocardium (determined by Aam and Amv). pigs have almost no 
collaterals, which results in a higher resistance of the myocardium (lower Aam and Amv). 
the heat of the myocardium has more difficulty to reach the artery, which results 
in a significant distinction between myocardial and arterial temperature during the 
occlusion phase due to a very low arterial temperature. However, the exact increase 
of resistance described with the values of Aam and Amv is unknown, which could explain 
the low values of Aam and Amv.

5.4.3 temperature response depends on the flow
the data obtained from the clinical study contains the intra coronary arterial 
temperature response, Pa, and Pd (Appendix C). In contrast to the porcine experiments, 
the saline flow (14-30 mL/min) was adjusted during the procedure to control the 
decrease of arterial temperature. the Pa and Pd give an indication if both phases were 
successful. During the occlusion phase, Pd should be significant lower than Pa due to 
the stenosis and restores to approximately the same value as Pa during reperfusion. 
the model succeeds in simulating the different relation between the arterial and 
myocardial temperature for different Pd. the amount of similarity between the arterial 
and myocardial temperature depends on the blood flow. the larger the blood flow, 
the more heat transfer by convection, the more similar the arterial and myocardial 
temperature response. For the porcine experiments, it holds that the blood flow 
completely restores after reopening of the vessel, i.e. the Pd is about equal with Pa, 
while for the patients, the Pd diminishes. therefore, more conductive heat transfer 
takes place during the reperfusion phase, which results in a less similar arterial and 
myocardial temperature response. the patients with a large distinction between the 
myocardial and arterial temperature (Appendix D) show, indeed, a low Pd, e.g. patient 
3 and 10 (Appendix C).
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5.5 CONCLusION

In conclusion, the computational model is designed to describe heat distribution 
within the coronary circulation based on three compartments (artery, myocardium, 
and vein). this model is able to simulate the arterial temperature of the clinical data 
perfectly with a flow quadratic related to the pressure (Appendix C). Furthermore, a 
realistic myocardial temperature is predicted.
In a randomized clinical proof of principle trial of intracoronary hypothermia in AMI 
patients, the computational model can be further refined. thereafter, it is plausible 
that the model can be used in clinical practice in patients undergoing intracoronary 
hypothermia for AMI to compute a patient specific flow and temperature of the saline 
to be infused. 
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table 2: uncertainty range for humans.

abbreviation Parameter range pigs
range 
humans

Formula
reference/
assumption

mh [kg] Mass heart [350 650] [200 400] - 37

m [kg] Mass AAr [70 130] [40 80] 0.2 * mh

Aa0 [m2]

Area between 
artery and 
ambience

[0.63 9.42]

* 10–4

[0.63 9.42]

* 10–4

Half of the 
artery is 
in contact 
with the 
ambience

Aam [m2]

Area between 
artery and 
myocardium 
(microcirculation)

[1.31 4.06] [0.75 2.5]
 *  

10–4 per 
gram

40  
Half is 
arterial

Aav [m2]
Area between 
artery and vein

[0.31 4.71]

* 10–4
[0.31 4.71]

Quarter of 
the artery is 
in contact 
with the 
vein

Am0 [m2]

Area between 
myocardium and 
ambience

[0.65 1.20]

* 10–2

[3.687.37]

* 10–3

Based on 
left ventricle 
wall 
thickness of 
1 cm

Amv [m2]

Area between 
myocardium 
and vein 
(microcirculation)

[1.31 4.06] [0.75 2.5]
 *  

10–4 per 
gram

40  
Half is 
venous

Av0 [m2]

Area between 
vein and 
ambience

[0.63 9.42]

* 10–4

[0.63 9.42]

* 10–4

Half of the 
vein is in 
contact 
with the 
ambience

Va [mL] Volume artery [1.011.88] [0.581.16]
5.5% + 17.7% 
van 1.25 mL 
per 100g

41,42

Vv [mL] Volume vein [2.40 4.45] [1.37 2.74]

37.1% + 
17.7% van 
1.25 mL per 
100g

41,42

Øa [mL/min] Flow artery [50 300] [50 300] - 43

Øv [mL/min] Flow vein [50 300] [50 300] - 43

AppeNDIX A pArAMeters

the uncertainty range of the parameters in model 1 and 2 are based on literature 
values and characteristics of the mid-LAD and capillaries assuming that these values 
are equal for pigs and humans (table 1).

table 1: minimum and maximum value of the characteristics of the mid-LAD and capillaries.

Min Max reference

radius mid-LAD (rL) [mm] 0.5 3 36

radius capillaries (rc) [µm] 0.5 2.5 37

Length mid-LAD (LL) [cm] 4 10 38,39

subsequently, the parameters for pigs (table 2, column 3) and humans (table 2, 
column 4) are based on these values and the mass of the heart (mh) (second row 
in table 2, respectively). the mh of pigs and humans are approximately 50030 and 
300 grams 37. In order to define a range, a deviation of ±33% has been used. there 
is assumed that 20% of mh corresponds with the mass of AAr (m). Furthermore, 
the total volume in the coronary circulation is 1.25 mL, whereof 27.5% percent 
corresponds with the coronary arteries (5.5% for mid-LAD), 37.1% with the coronary 
veins, and 35.4% with the microcirculation. the exchange surface of microcirculation 
is 500 cm2 per gram.
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AppeNDIX B estIMAteD pArAMeters FOr sIMuLAtING 
tHe pOrCINe DAtA

table 4 presents the estimated parameters fitted on the mean arterial temperature 
of the five porcine experiments.

table 4: estimated parameters based on the mean arterial data of the five porcine 
experiments.

Parameter value

m [kg] 7.02e-02

Aa0 [m2] 6.28e-05

Aam [m2] 3.03e-01

Aav [m2] 3.14e-05

Am0 [m2] 6.45e-03

Amv [m2] 1.32e-01

Av0 [m2] 6.28e-05

Va [mL] 1.88e+00

Vv [mL] 2.40e+00

Øa [mL/min] 1.85e+02

Øv [mL/min] 5.00e+01

table 3 presents the constants used in the models.

table 3: constants

abbreviation Description Value reference

Blood density 1057 44

specific heat saline 4190 44

specific heat blood 3651 44

specific heat tissue 3683 44

thermal conductivity of the myocardium 0.582 44

da0 [m] thickness between artery and ambience
(based on coronary artery wall thickness)

0.001 45

dam [m] thickness between artery and myocardium
(based on left ventricle wall thickness)

0.1 46

dav [m] thickness between artery and vein
(based on coronary artery wall thickness)

0.001 45

dm0 [m] thickness between myocardium and ambience
(based on length cardiac myocytes)

0.001 37

dmv [m] thickness between myocardium and vein
(based on left ventricle wall thickness)

0.1 46

dv0 [m] thickness between vein and ambience
(based on coronary artery wall thickness)

0.001 45
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AppeNDIX D sIMuLAtION OF pAtIeNt DAtA

Figure 8 presents the arterial temperature data (grey) and the arterial (red), 
myocardial (orange) simulated temperature with parameters fitted on the arterial 
temperature data (table 6)

AppeNDIX C sINtAMI DAtA

Arterial temperature (black) and Pa (blue) and Pd (orange) data obtained from the 
sINtAMI study. 

table 5: Arterial temperature data (black) and Pa (blue), mean Pa (yellow), Pd (orange), and 
mean Pd (purple) data of the sINtAMI study. Figure 8: the intra coronary arterial data (grey) temperature response and the simulation 

of the intra coronary arterial temeprature (red). the prediction of the myocardial (red) 
temperature.
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the estimated parameter values for every patient are shown in table 6.

table 6: parameter values estimated on the arterial data of the clinical study

Patient 1 Patient 2 Patient 3 Patient 4 Patient 5 Patient 9 Patient 10

m [kg] 4.00e-02 8.00e-02 4.00e-02 7.39e-02 4.00e-02 4.00e-02 4.00e-02

Aa0 [m2] 6.48e-05 2.25e-04 6.28e-05 8.56e-05 6.28e-05 6.28e-05 6.29e-05

Aam [m2] 1.01e+00 1.39e+00 7.50e-01 7.50e-01 7.50e-01 7.50e-01 8.95e-01

Aav [m2] 3.16e-05 3.21e-05 3.14e-05 1.53e-04 3.14e-05 3.14e-05 3.16e-05

Am0 [m2] 3.87e-03 4.17e-03 4.67e-03 3.91e-03 3.68e-03 3.68e-03 3.76e-03

Amv [m2] 7.64e-01 7.92e-01 7.79e-01 7.86e-01 7.50e-01 7.50e-01 7.52e-01

Av0 [m2] 1.16e-04 1.40e-04 4.46e-04 8.18e-05 6.28e-05 6.28e-05 6.96e-04

Va [mL] 1.16e+00 1.16e+00 1.16e+00 1.16e+00 1.16e+00 1.05e+00 1.16e+00

Vv [mL] 1.37e+00 2.74e+00 1.37e+00 2.51e+00 1.37e+00 1.37e+00 1.37e+00

Øa [mL/min] 2.14e+02 1.80e+02 1.50e+02 1.51e+02 1.22e+02 2.18e+02 1.20e+02

Øv [mL/min] 7.13e+01 6.57e+01 1.41e+02 7.24e+01 5.00e+01 5.00e+01 7.27e+01
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gain achieved by ppCI, differs from patient to patient, and remains incompletely 
understood.3, 4 
Hypothermia may attenuate several pathological mechanisms of reperfusion injury.5-7 
reduced infarct area was observed in animal studies but only when hypothermia was 
started before reperfusion. studies in humans, however, have not confirmed this 
effect, probably because the target temperature within the affected myocardium was 
not reached before reperfusion in the vast majority of patients.8-16 these prior studies 
all employed whole body hypothermia, which requires too much time, may lead to 
volume overload, and induces systemic reactions such as shivering and an enhanced 
adrenergic state.
the application of intracoronary hypothermia can potentially overcome these 
problems by delivering cold saline selectively to the jeopardized myocardium. Otake 
et al showed that intracoronary infusion of cold saline is safe and reduces infarct size 
in a pig model of AMI,17 but translational methodology to selectively cool the ischemic 
myocardium in humans before reperfusion has not been available so far.
recently the feasibility and thermal efficacy of an intracoronary method to apply 
hypothermia using standard percutaneous coronary intervention (pCI) equipment 
and monitored by a pressure/temperature sensing guidewire was demonstrated in 
a beating pig heart model.18 In the present pilot study we evaluate the safety and 
feasibility of selective hypothermia in patients with AMI by intracoronary infusion of 
cold saline before and during reperfusion using standard pCI equipment. 

6.3 MetHODs

6.3.1 Study population
the study was approved by the institutional review board of the Catharina Hospital 
in eindhoven. All subjects provided both oral and written informed consent. Online 
registration was completed before enrolling the first subject (clinicaltrials.gov 
NCt02753478). patients considered for enrolment had to meet the following 
inclusion criteria: acute st-elevation myocardial infarction (steMI) with a total st-
segment deviation of more than 5 mm and presenting within 6 hours of symptoms; 
and tIMI 0 - 2 flow in the infarct related artery at baseline angiography.
patients were excluded for any of the following conditions: age < 18 years; 
cardiogenic shock; poor clinical condition according to the judgment of the treating 
interventionalist; previous myocardial infarction in the culprit territory; previous 
coronary artery bypass surgery; tortuous or severely calcified coronary arteries; severe 
concomitant disease; inability to give informed consent; other known myocardial 
diseases, such as moderate or severe left ventricular hypertrophy or cardiomyopathy; 
pregnancy; or pre-existing conduction disturbances.

6.1 ABstrACt

aims
Hypothermia reduces reperfusion injury and infarct size in animal models of acute 
myocardial infarction if started before reperfusion. Human studies have not confirmed 
benefit, probably due to insufficient myocardial cooling and adverse systemic effects. 
this study assessed safety and feasibility of a novel method for selective, sensor-
monitored intracoronary hypothermia.

Methods and results
ten patients undergoing primary percutaneous coronary intervention (ppCI) were 
included. saline at room temperature was administered distal to the culprit lesion 
through an inflated over-the-wire balloon (OtWB) in order to cool the endangered 
myocardium for 10 minutes (occlusion phase). Next, the OtWB was deflated and 
cooling continued with saline at 4°C for another 10 minutes (reperfusion phase). 
A sensor-tipped temperature wire in the distal coronary artery allowed titration of 
the infusion rate to achieve the desired coronary temperature (6°C below body 
temperature).
target coronary temperature was achieved within 27 seconds (median; IQr 21 - 46). 
except two patients with inferior wall infarction experiencing transient conduction 
disturbances, no side effects occurred. systemic temperature remained unchanged. 
Finally, ppCI was performed as per routine.

Conclusions
In anterior wall myocardial infarctions, selective hypothermia of the infarct area 
by intracoronary infusion of saline appears safe and feasible. this novel method 
reduces coronary temperature quickly and guarantees local myocardial hypothermia 
without serious hemodynamic or systemic side effects. potentially, it could attenuate 
reperfusion injury caused by traditional ppCI.

6.2 INtrODuCtION

timely reperfusion is paramount for myocardial salvage in acute myocardial infarction 
(AMI). the major role of primary percutaneous coronary intervention (ppCI) as first 
line treatment is undisputable. Nevertheless, AMI still carries a one-year mortality rate 
of 7% and 22% of patients experience prolonged or new hospitalization for heart 
failure.1 therefore, additional treatment to limit final infarct size remains important. 
Besides ischemic damage, the process of restoring epicardial blood flow itself can 
injure the myocardium.2 this so-called “reperfusion injury” annihilates part of the 
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reperfusion occurs and the cooler saline mixes with warmer blood. During both 
phases, adjustments in the infusion rate could be made to fine-tune distal coronary 
temperature to the desired level.
After completing intracoronary infusion, the OtWB was removed and ppCI was 
performed using the pW as guidewire. Medical treatment before and after the 
intervention was performed as per routine.

6.3.2 Instrumentation
All materials used during the protocol are routinely available in the catheterization 
laboratory. No investigational devices were used. primary pCI was initiated according 
to routine via the femoral or radial artery. Coronary angiography was performed and 
the culprit lesion was located. If the patient met the inclusion criteria, oral consent 
was obtained. thereafter, a regular guidewire was advanced beyond the culprit 
lesion, immediately followed by an over-the-wire balloon (OtWB, ApextM, Boston 
scientific, usA) that was inflated to 4 Atm at the location of the occlusion to prevent 
reperfusion. If necessary, according to the judgment of the treating interventionalist, 
fentanyl and/or midazolam was administered to reduce chest pain.
Next, a standard 0.014" coronary pressure wire that can also measure temperature 
(pW, CertustM Wire, st. Jude Medical, usA) was positioned next to the regular 
guidewire in the (balloon occluded) distal coronary artery and connected to its console 
(radiAnalyzertM Xpress, st. Jude Medical, usA). the temperature signal measured 
by the wire was calibrated such that 0°C represented normal body temperature. 
thereafter, the regular guidewire in the OtWB was removed and its central lumen 
was connected to parallel infusion pumps (rempress 800, Nemoto, Japan), one 
filled by saline at room temperature and the other filled by saline at 4°C (Figure 1). 
tympanic temperature was measured non-invasively before and during hypothermia 
to monitor systemic body temperature.

6.3.3 Intracoronary hypothermia protocol
Hypothermia was initiated 10 minutes before the onset of reperfusion (the occlusion 
phase, OtWB inflated) and continued for 10 minutes after reperfusion (the 
reperfusion phase, OtWB deflated). 
In the occlusion phase, saline infusion at room temperature started at a flow rate of 
20 ml/min and was subsequently adjusted based upon distal coronary temperature 
measurements to achieve a temperature of approximately 6°C below body 
temperature.
Based on our previous experiments, the target temperature in the distal coronary 
artery should be maintained at approximately 6°C below body temperature, which 
corresponds to a myocardial temperature in the infarct area of approximately 4°C 
below body temperature in the occlusion phase (heat transport by conduction).18 this 
infusion and temperature was maintained for 10 minutes whereafter the balloon was 
deflated and reperfusion started. Just before deflating the balloon, saline temperature 
was switched to 4°C to maintain the adequate decrease in distal coronary and 
myocardial temperature during this reperfusion phase. In the isolated beating pig 
heart model, it was demonstrated that during the reperfusion phase, coronary and 
myocardial temperatures are almost equal (heat transport by convection).18 switching 
the temperature of the saline from 20°C during the occlusion phase to 4°C during the 
reperfusion phase is necessary because in the reperfusion phase partial or complete 

Figure 1: schematic drawing of the equipment for selective intracoronary hypothermia.
A pressure/temperature wire is positioned next to the OtWB. OtWB: Over-the-wire balloon 
catheter 
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6.3.4 Endpoints
the primary safety endpoints were hemodynamic conditions during hypothermia, i.e. 
systemic and distal coronary blood pressure and heart rate; occurrence of rhythm or 
conduction disturbances; technical safety; dissipation of cooling after stopping the 
infusion; and systemic side effects.
the primary feasibility endpoints were: time to adequate induction of hypothermia 
and adequate depth of hypothermia, defined as a drop in distal coronary temperature 
by at least 6°C; ability to maintain a stable coronary temperature during the entire 
20 minutes of infusion; technical ease of instrumentation and door-to-balloon time 
(including time to perform the protocol). 

6.3.5 Statistical Methodology
It should be emphasized that this study was a small, first-in-human pilot study to 
investigate safety and feasibility of a new technique.
Analyses were performed using r version 3.3.2 (r Foundation for statistical 
Computing, Vienna, Austria). We employed standard statistical techniques: mean ± 
standard deviation or median with inter quartile range (IQr), count (percentage), and 
paired t-test or Wilcoxon signed-rank test as appropriate. Applicable tests were two-
tailed, and p<0.05 was considered statistically significant.
We chose a sample size of 10 patients given the twin goals of demonstrating feasibility 
of the technique and collecting safety data before moving forward with a larger trial. 
While this number is arbitrary, a modest sample size was intentionally selected given 
the highly novel and experimental nature of our pilot study, in line with prior novel 
trials in this field.14 In this way, we tried to find a reasonable balance between ethical 
considerations of subjecting patients to a new, unproven method and a potentially 
beneficial treatment for future patients.

6.4 resuLts

6.4.1 Patients
Between June 27th and November 17th 2016, a total of 10 patients were included. 
Baseline characteristics can be found in Table 1. six patients had anterior wall 
infarctions (LAD) and four patients had inferior wall infarctions (3 rCA, 1 LCx). 
After completing the study protocol, all patients were stented according to normal 
routine with tIMI flow 3 and had an uneventful recovery, with exception of one 
patient who developed stent thrombosis 1 hour after the index procedure due to 
stent underexpansion. the vessel was opened again with a high-pressure inflation 
and the further course was uneventful.

table 1: Baseline, angiographic and clinical characteristics.
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17 – 59) and clinically relevant systemic side effects were not observed in any patient. 
Body temperature during the procedure decreased by 0.2°C (IQr 0.1 – 0.4), which 
was non-significant (p = 0.237).

6.4.3 Feasibility
No technical problems with the instrumentation or the study protocol occurred in any 
of the patients. Median door-to-balloon time was 55 minutes (IQr 46 - 57 minutes) 
and symptom-to-balloon time was 221 minutes (IQr 190 -337). the total ischemic 
time was prolonged by 19.2 minutes (IQr 18.4 – 19.6 minutes) representing the time 
necessary for extra instrumentation plus the occlusion phase. 
After starting the saline infusion in the occlusion phase, hypothermia of at least 6°C 
below body temperature in the distal coronary artery was achieved within 27 seconds 
(IQr 21 – 46 seconds). In nine out of the ten patients, this temperature was achieved 
within 1 minute. In all patients, target distal coronary temperature could be maintained 
during the complete course of the infusion. An example of such a recording is shown 
in Figure 2.
the total volume of saline infused was 336 ml (IQr 215 – 392). An overview of all the 
feasibility parameters is given in Table 3.

6.4.2 Safety
safety parameters for each patient are shown in Table 2. No patient died, and no 
patient experienced shivering. the median volume of infused saline was 336 ml (IQr 
215 – 392) comprising 177 ml in the occlusion phase and 159 ml in the reperfusion 
phase. Due to on-going angina from prolonging the ischemic period by 10 minutes 
before reperfusion, 6 patients received fentanyl 100 μg for pain relief during the 
occlusion phase. No effect on systemic hemodynamics was observed.
In one patient with inferior myocardial infarction, recurrent ventricular fibrillation 
occurred due to on-going ischemia, requiring repeated defibrillation. After deflating 
the balloon, no further ventricular fibrillation occurred, not even after restarting saline 
infusion. In a different patient with inferior wall infarction due to a right coronary 
occlusion, the hypothermia protocol was interrupted because of symptomatic second-
degree atrioventricular (AV) block at a distal coronary temperature of 4.7°C below 
body temperature. After administration of 1 mg of atropine, infusion was resumed 
without problems. In a third patient with inferior myocardial infarction, also due to 
a right coronary occlusion, a temporary pacemaker was necessary due to persistent 
third-degree AV block. In that patient, no relationship was observed between the 
cooling protocol and the AV block.
In one patient with anterior wall infarction with multiple short runs of ventricular 
tachycardia (Vt) already present before starting the study protocol, the occlusion 
phase was interrupted after only three minutes, whereafter the Vt’s did not return 
even when infusion was continued without occlusion of the coronary artery.
Finally, as mentioned above, one patient developed stent thrombosis one hour after 
the index procedure, probably due to stent underexpansion as confirmed by stent 
boosting. 
the stent was further inflated and the subsequent course was uneventful. No 
coagulopathy or electrolyte disturbances were documented.

In summary, except for the occurrence of transient conduction disturbances in two 
patients with inferior wall myocardial infarctions, all observed events were most likely 
related to the infarction itself or to the occlusion of the coronary artery, rather than 
to the cooling. No further hemodynamic abnormalities were observed during cooling 
in any patient. After cooling, temperature returned to normal within 43 seconds (IQr 

table 2: safety data for the individual patients, organized by infarct related artery.

Figure 2: selective intracoronary hypothermia in a 56-year-old man with anterior wall 
myocardial infarction and an occluded proximal LAD artery. the figure illustrates systemic 
(red) and distal coronary blood pressure (green) and distal coronary temperature (blue, 
reference to body temperature which is set at 0°C) during the occlusion and reperfusion 
phases. the distal coronary target temperature is reached within 30 seconds and remains 
stable throughout the protocol. After stopping the infusion at 20 minutes, temperature 
returns to normal within 20 seconds. * marks the switch from saline at room temperature to 
saline at 4°C.

patient infarct related artey died infused volume (ml) tachy arhythmia AV-block systemic temperature drop pain requiring analgetic hypothermia protocol interupted in stent thrombosis
1 LAD no 436 no no no yes no no
2 LAD no 463 no no no yes no no
3 LAD no 320 no no no yes no yes
4 LAD no 198 yes no no no no no
5 LAD no 387 no no no yes no no
6 LAD no 351 no no no yes no no

7 LCx no 393 no no no no no no

8 RCA no 73 no yes no yes yes no
9 RCA no 266 no yes no no no no
10 RCA no 13 yes no no no yes no
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6.4.4 In-hospital follow-up
With the exception of the one patient with acute stent thrombosis related to 
underexpansion, no further events occurred during the hospital stay. the average 
CkMB peak was 119 u/l (IQr 83 – 202). echocardiography, performed before 
discharge from the hospital, showed a preserved left ventricular ejection fraction in 
8 patients.

6.5 DIsCussION 

this pilot study demonstrates the safety and feasibility of selective intracoronary 
hypothermia in patients undergoing primary percutaneous intervention. the protocol 
could be executed in all patients with an acceptable prolongation of the procedure. 
the target temperature was achieved quickly and could be maintained easily during 
both occlusion and reperfusion phases. Continuous monitoring of distal coronary 
temperature enabled instantaneous feedback and optimization of the infusion rate, 
while continuous distal coronary pressure measurement enhances safety.
All three patients with inferior wall infarction due to a right coronary artery 
occlusion developed transient conduction disturbances necessitating modification 
of the protocol. In contrast, none of the 7 patients with the LCA as culprit artery 
experienced any conduction abnormality, not even when cooled to -7°C compared 
to blood temperature. 
Although infarct size in animals has been decreased by hypothermia5, 17, 19, translational 
studies to humans have been disappointing.8-11, 13, 14, 16, 20 these prior negative results 
were due to a number of major shortcomings inherent to any systemic cooling 
technique, now overcome or circumvented by the protocol as applied in this study 
with the following 6 key advantages:
First, our method can rapidly achieve the target temperature in the jeopardized 
myocardium within one minute, much faster than in any previous study. Because 
reperfusion damage in animal models occurs within a few minutes, an essential 
requirement for therapeutic hypothermia is reaching the target temperature before 
re-establishing significant epicardial flow. second, the technique cools the infarcted 
myocardium selectively and effectively without spillover to the adjacent myocardium 
or systemic side effects. In our study no patient was aware of the cooling. third, 
the use of a coronary pressure/temperature wire enables precise monitoring and 
control of the infusion rate and guarantees effective and stable cooling. this is in 
important because in this study all patients needed small adjustments of the infusion 
rate. Fourth, intracoronary hypothermia requires significantly less infused volume 
compared to systemic cooling. In previous studies, up to two liters of cold saline were 
needed to achieve sufficient systemic hypothermia21, which poses a risk for volume 
overload and pulmonary oedema. In contrast, in our study only a few hundred cc of 

table 3: Feasibility; temperature and time Measures.

  median, IQr
Door-to-balloon time (min.) 55 (46 – 57)
symptom-to-balloon time (min.)
prolongation of ischemic time (min.)

221 (190 – 337)
19.2 (18.4 – 19.6

total infused volume of saline (ml) 336 (215 – 392)
 
Occlusion phase
Qi start (ml/min) 20 (16 – 20)
Qi end (ml/min) 20 (16 – 20)
% changed Qi 40%
Δtminimal (°C) - 7.2 (-7.4 – -6.6)
Δtaverage (°C) - 6.0 (-6.5 – -4.8)
time to achieve Δt of:
   6°C (sec) 27 (21 – 46)
Mean pa (mmHg) 99 (98 – 102)
Mean pd (mmHg) 36 (24 – 41)
Hr (bpm) 79 (72 – 90)
ttympanic (°C) 36.7 (36.4 – 36.9)
 
reperfusion phase
Qi start (ml/min) 20 (20 – 20)
% changed Qi 100%
Δtminimal (°C)
Δtaverage (°C)

-8.9 (-9.4 – -8.2)
-5.8 (-6.4 – -5.3)

Mean pa (mmHg) 96 (89 – 101)
Mean pd (mmHg) 57 (44 – 65)
Hr (bpm) 85 (79 – 88)
ttympanic (°C) 36.8 (36.4 – 36.9)
 
Post hypothermia phase
time to normalize coronary temperature (sec) 39 (17 - 59)
ttympanic (°C) 36.3 (36.2 - 36.7)
pa = aortic pressure, pd = distal coronary pressure, ttympanic = tympanic temperature, Qi = 
infusion rate, Δt = temperature difference with respect to body temperature, Hr = heart rate

C
H

Ap
te

r

6



134 135I n t r a c o ro n a r y  H y p o t h e r m i a s a fe t y  a n d  fe a s i b i l i t y  o f  s e l e c t i v e  i n t r a c o ro n a r y  h y p o t h e r m i a  i n  a c u t e  m y o c a r d i a l  i n f a rc t i o n

third, although this target temperature seems to be feasible and safe in anterior wall 
myocardial infarction, it might be too low in inferior wall infarction.
Fourth, our method prolongs the occlusion of the coronary artery by approximately 
20 minutes. Clinical trials are necessary to determine if the negative effects of a 
slightly prolonged occlusion are counterbalanced by reduced reperfusion injury. 
therefore, such trials might be limited to patients presenting with tIMI 0 or 1 flow.
Fifth, we used 2 guidewires and an OtWB. presently we are testing a monorail 
infusion balloon catheter that enables occlusion of the artery and infusion of saline 
simultaneously while just using the pressure wire as a single guidewire (C catheter, 
Hexacath Inc., paris, France). this will further simplify the procedure by not requiring 
a regular guidewire and OtWB anymore.
Finally, with respect to other side effects, the stent thrombosis in one patient after 
the procedure was likely related to stent underemployment as confirmed by the 
stent boost, and not related to the cooling. In one patient, VF occurred during the 
occlusion phase. It is speculative to what extent this was related to our protocol, 
but when looking at comparable patients in our seMper FI trial (clinicaltrials.gov 
NCt02125526), VF occurred in 7 out of 93 patients so far. the AV-conduction 
disturbances in the rCA patients were all transient, although these necessitated small 
adaptations in the protocol. Based upon these experiences, our planned, randomized, 
controlled, proof-of-principle trial will only include large anterior wall infarctions with 
a proximal or mid LAD occlusion.

6.7 CONCLusIONs

selective intracoronary hypothermia as applied in this study is a safe and feasible 
method to cool the myocardium quickly and effectively before the onset of 
reperfusion in patients with acute anterior wall myocardial infarction. In inferior wall 
infarctions due to an occlusion of the right coronary artery we observed quickly 
transient conduction abnormalities. Compared to systemic hypothermia methods, 
the intracoronary technique reaches the target temperature within minutes, uses 
significantly less infused volume, and causes no systemic side effects. 
these results justify a randomized controlled proof-of-principle study to assess the 
ability of intracoronary hypothermia to limit reperfusion injury and to reduce infarct 
size.

saline was needed. Fifth, the decision to start hypothermia can be based on coronary 
angiography observations such as tIMI flow, in contrast to systemic cooling when 
coronary angiography only follows implantation of a cooling catheter. sixth, our 
protocol can be easily applied using standard catheterization laboratory equipment.
In Table 4 the procedural characteristics of previous studies to systemic hypothermia 
in patients with AMI are compared to the present study, emphasizing the potential 
advantages of the intracoronary technique.

6.6 LIMItAtIONs

the present study has several limitations. First, it should be noted that this is a first-in-
human pilot study with a sample size of 10 patients without a control group. therefore, 
we cannot say anything regarding its efficacy to reduce infarct size. second, the 
optimal duration of hypothermia before and after the onset of reperfusion is not 
known. We chose an arbitrary duration of 10 minutes before and 10 minutes after 
reperfusion, which is based upon the knowledge that reperfusion injury occurs within 
a few minutes after opening the occluded coronary artery.4 We do not know if a 
longer time window is desirable or if a shorter time window is possible.
Additionally, our target temperature of 6°C below blood temperature was obtained 
by extrapolation from animal models17-19, 22-29 and studies of cooling other organs30. 
In this human study we were not able to measure myocardial temperature directly, 
but recorded coronary temperature continuously and assumed a similar relationship 
between coronary and myocardial temperature as was investigated by infrared 
mapping in the beating pig heart with a similar instrumentation.18 

table 4: results of previous studies on hypothermia in patients with AMI compared to the 
present study on the selective intracoronary method. Cooling rates, time to achieve 33°C, 
mean temperature at reperfusion, percentage of patients requiring anti-shivering medication 
and infused volumes are significantly lower in the selective hypothermia study. Door-to-
balloon time is comparable. selective intracoronary hypothermia is the only method that is 
able to monitor the temperature in the infarct area.
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7. Discussion and future perspectives

7.1 A DOuBLe-eDGeD sWOrD

In cardiology, we constantly strive to refine our treatments to improve clinical 
outcome.
present-day management of acute myocardial infarction (AMI) focuses on rapid 
coronary reperfusion via balloon angioplasty and stenting to limit myocardial damage.
Notwithstanding timely reperfusion, nearly 10% of AMI patients die during their index 
hospitalization and up to two-thirds of survivors progress to develop chronic heart 
failure.1

these facts advocate that a further improvement of therapeutic options in the setting 
of AMI is necessary. therefore, while coronary reperfusion to restore myocardial 
oxygen supply is ultimately obligatory, there remains an unmet need to focus on 
alternative approaches both to improve survival and to decrease the late sequelae of 
acute myocardial infarction.
Braunwald described in 1985 coronary reperfusion as a ‘double-edged sword’ due 
to the fact that reperfusion of ischaemic myocardium also promotes cardiomyocyte 
death and microvascular damage.2 this myocardial reperfusion injury comprises 
different mechanisms of reperfusion-related myocardial damage such as 
inflammation, cell swelling, mitochondrial membrane damage and myocardial no-
flow, which are extensively described in chapter 1. Consequently, there exists a need 
for improved strategies that broadly impact the multiple levels of reperfusion injury 
without causing further myocardial or other damage in order to decrease final infarct 
size and improve prognosis.
In this thesis we state that intracoronary hypothermia, if started before the onset of 
reperfusion and administered at the right place e.g. the infarcted myocardium, can 
attenuate the different damaging processes that occur after reperfusion without 
causing significant side effects. In chapter 2 – 6, we describe the development of this 
method by which in conscious patients with acute myocardial infarction, the infarcted 
myocardium can be cooled very rapidly and selectively, without the side effects that 
occur with systemic cooling. 
After having developed this safe and feasible intracoronary cooling method, the next 
step is to prove that reperfusion injury is indeed prevented in this way and infarct size 
is decreased. this will be accomplished by a preclinical exploratory proof-of-concept 
study that will assess the reperfusion injury reducing properties of intracoronary 
hypothermia on a cellular level. In addition, a clinical randomized proof-of-principle 
study will be performed to demonstrate reduction of infarct size and mortality. Both 
studies will be described in the next two sections.
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(the pressure/temperature wire) is necessary and loss of time is minimal. the study 
will be performed in medium and large anterior wall infarctions with summarized st-
deviation ≥ 10 mm. the primary endpoint of this study is infarct size as a percentage 
of the left ventricle (%) measured on MrI in both control (standard primary pCI) 
and experimental (pCI + intracoronary cooling) arms 2-3 months after the baseline 
procedure. Based on a large per patient level meta-analysis of 10 primary pCI trials, it 
is expected that the percentage infarct size in the control arm will be approximately 
25% of total myocardium3, 4. Assuming a normal distribution of percentage infarct 
size, and interquartile ranges of 25%, we can convert this to a standard deviation of 
15%.
using these clinical assumptions (infarct size in the control group 25% of the left 
ventricle and standard deviation 15%) + typical assumptions (unpaired, two-tailed 
t-test, alpha 0,05, power 0.80) a sample size of 70 per arm could detect a reduction 
of infarct size by 30% in the experimental arm. Assuming 5% of patient dropout in the 
analysis, this means that 150 patients should be included in this multicentre study.

7.4 Future perspeCtIVes

In the future, our understanding of myocardial reperfusion injury and the role of 
therapeutic hypothermia in its treatment will increase. Our main hypothesis is that 
if the infarcted myocardium has reached a temperature of approximately 33°C 
before reperfusion with warm blood starts, at least part of the reperfusion injury is 
prevented, leading to reduced infarct size and an improved prognosis. 
the intracoronary hypothermia method described in this thesis is by far the fastest 
method described so far to cool the myocardium during primary percutaneous 
coronary intervention and to do this selectively, before reperfusion occurs. In the 
proof-of-principle study, the method will be extra refined. 
probably, the protective effects of hypothermia can be even further developed and 
applied in clinical practice. Animal studies point at the fact that hypothermia should 
be provided as soon as possible after the onset of acute myocardial infarction, e.g. 
as soon as possible after the occlusion of the coronary artery, thereby reducing 
the normothermic ischemic time.5 this means that ideally hypothermia should 
be provided in the ambulance. Obviously, this will be not be possible by using the 
intracoronary hypothermia technique, while intravenous and thus systemic cooling 
methods have their own, evident contraindications. An interesting development to 
solve this problem may be mimicking pharmacologically the protection provided by 
cooling soon after the onset of ischemia. Indeed, emergency medical personnel could 
give the extracellular signal-regulated kinase activator (erk), which is an activator of 
hypothermia signalling and might duplicate the protection afforded by cooling.6 
Moreover, if understanding of the mechanisms and treatment of myocardial 

7.2 eXpLOrAtOry prOOF-OF-CONCept stuDy IN tHe 
IsOLAteD BeAtING pIG HeArt

Although the intracoronary hypothermia method has been proven to be a clinical 
feasible technique in AMI patients, there remain uncertainties. We chose an arbitrary 
cooling duration of 10 minutes before and 10 minutes after reperfusion, which 
is based on the general agreement that a large part of the cell death caused by 
myocardial reperfusion injury occurs during the first few minutes of reperfusion, and 
that early treatment is required to prevent it. We do not know if a longer time window 
is desirable or if a shorter time window is possible. therefore, we will return to the 
isolated beating pig heart model of AMI, in which we will compare the intracoronary 
cooling method with standard care on the extent of reperfusion injury measured on 
a cellular level and obtain more insight in cooling intervals. this study will provide 
us valuable insights in the timing of this therapy and the percentage of salvaged 
myocardium by intracoronary hypothermia compared to standard care for AMI.

7.3 prOOF-OF-prINCIpLe stuDy IN HuMANs

In order to prove clinical value of intracoronary hypothermia to limit reperfusion 
injury and infarct size, a randomized proof-of-principle study will be commenced. 
In this study, 150 patients with anterior myocardial infarction will be randomized 
to treatment with intracoronary hypothermia or standard therapy. Based on the 
results of the sINtAMI study, patients with a culprit right coronary or circumflex 
artery will not be included, since they may have a higher incidence of AV-conduction 
disturbances compared to patients with a culprit in the left anterior descending artery. 
Furthermore, in previous studies on reducing reperfusion injury in patients with AMI, 
treatment effects were more obvious or even significantly better in subgroups of 
patients with anterior wall infarctions compared to the other infarct locations. this 
is due to the fact that anterior wall infarctions are generally larger than inferior wall 
infarctions and complicated by more conditions. therefore, to proof the concept of 
intracoronary hypothermia, it seems logical to start with the anterior wall infarction 
group. After proving the concept, this therapy can be extended to the remaining 
infarct sites in later studies. 
In the sINtAMI study we were obliged to use two guidewires since the over-the-wire 
balloon catheter only contained one lumen, which was used for saline infusion, while 
at the same time temperature measurement in the distal coronary artery is obligatory. 
Meanwhile, a monorail catheter (C-catheter, Hexacath, paris) was designed which is a 
monorail multifunctional balloon-tipped infusion catheter that will greatly facilitate our 
method of intracoronary hypothermia. By using this C-catheter, only one guidewire 
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reperfusion injury grows, it might be possible to add substances such as anti-
inflammatory or anti-oxidative drugs7-10 to the infused cold saline, thus boosting the 
reperfusion injury attenuating properties.
We believe that the technique of intracoronary hypothermia described in this 
thesis will finally contribute to infarct size reduction and can be part of the already 
multistaged treatment of acute myocardial infarction, perhaps with other treatment 
modalities targeting reperfusion injury added to it.
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Summary
INtrACOrONAry HypOtHerMIA

the central theme in this thesis is the development of a safe and clinically feasible 
method to provide hypothermia rapidly and selectively to the infarcted myocardium in 
patients with an acute myocardial infarction (AMI). We call this method “Intracoronary 
hypothermia”. 
up to now, a method to provide selective intracoronary hypothermia in humans did 
not exist. In order to develop a medical method that is invasive and will be used in 
patients with an acute and potentially lethal condition, a careful trajectory of research 
has to be followed before exposing patients to it. We do believe that intracoronary 
hypothermia eventually will prove to reduce infarct size and therefore with caution 
we planned, elaborated and conducted the steps written down in each chapter.
Chapter 1 is a general introduction first describing myocardial reperfusion injury, 
which is the target of our therapy. this is followed by a description of the history of 
therapeutic hypothermia and its potential to reduce reperfusion injury.
In chapter 2, the reasons why the existing methods of therapeutic hypothermia failed 
in patients with acute myocardial infarction, are explained and our newly suggested 
method of intracoronary hypothermia is introduced. 
Chapter 3 describes a retrospective study in which mild to moderate intracoronary 
hypothermia was used for coronary flow measurements in patients with stable angina 
and patients with acute myocardial infarction. Because few patients experienced 
only short lasting conduction disturbances and no other side effects were observed, 
we conclude that intracoronary hypothermia seems safe in these patient groups. In 
chapter 4, we describe the development of the intracoronary hypothermia method 
in the isolated beating pig heart and we conclude that the method is feasible, using 
regulatory pCI equipment and reproducible. In chapter 5, the development and 
validation of a numerical model is described. this model describes mathematically 
the intracoronary cooling process and is based on the lumped parameter approach 
and validated on the isolated beating pig heart model of AMI and human subjects 
with AMI undergoing intracoronary hypothermia. the model may serve to provide the 
exact dosage of flow and temperature 
In chapter 6, a pilot study is presented in which the safety and feasibility of the 
intracoronary hypothermia method is evaluated in ten humans with AMI. We 
conclude that intracoronary hypothermia is safe, clinical feasible and able to reduce 
the coronary temperature very fast.
Finally, chapter 7 presents a general discussion on the findings of the research 
described in this thesis and provides future directions for ongoing research in the field 
of intracoronary hypothermia for attenuating reperfusion injury in patients with AMI.
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optraden, concluderen we dat het gebruik van hypothermie in de kransslagaderen 
veilig lijkt.
In hoofdstuk 4 wordt de ontwikkeling van de intracoronaire hypothermie methode 
in het geïsoleerde varkenshartmodel beschreven. We concluderen dat de methode 
goed en  reproduceerbaar uit te voeren is, met het reguliere materiaal dat wordt 
gebruikt bij dotterprocedures op onze hartcatheterisatiekamers. 
In hoofdstuk 5 wordt de ontwikkeling en de validatie van een numeriek model 
beschreven. Dit wiskundige model beschrijft het intracoronaire koelproces en is 
gebaseerd op het gekoppelde parameter model en gevalideerd aan het geïsoleerde 
varkenshartmodel en aan de patiënten met een acuut hartinfarct die met intracoronaire 
hypothermie behandeld werden. Het model kan dienen om de exacte temperatuur 
van de vloeistof en de snelheid van infusie te berekenen voor een specifieke patiënt. 
In hoofdstuk 6 worden de resultaten van een pilot studie gepresenteerd, waarin 
de veiligheid en praktische toepasbaarheid van intracoronaire hypothermie worden 
geëvalueerd bij tien patiënten met een acuut hartinfarct. We concluderen dat bij 
patiënten met een infarct van de voorwand van het hart de methode veilig en goed 
uitvoerbaar is en bovendien in staat om de temperatuur in de kransslagader zeer snel 
te verlagen.
tenslotte verwoordt hoofdstuk 7 een algemene discussie over de onderzoeks-
bevindingen beschreven in dit proefschrift, tezamen met scenario’s die richting geven 
aan toekomstig onderzoek op het gebied van de intracoronaire hypothermie met als 
doel het beperken van reperfusieschade bij patiënten met een acuut hartinfarct.

Samenvatting
INtrACOrONAIre HypOtHerMIe

Het centrale thema van dit proefschrift is de ontwikkeling van een veilige en toe-
pasbare methode om, bij patiënten met een acuut hartinfarct, het aangedane 
infarctgebied snel en selectief af te koelen. 
Wij noemen deze methode “Intracoronaire Hypothermie”, waarbij hypothermie 
 koelen betekent en intracoronair dat dit via de kransslagader gaat.
In dierstudies leidt behandeling met koeling direct voorafgaand aan een dotter-
procedure tot beperking van de grootte van een hartinfarct. In studies bij mensen 
echter, waarbij met verschillende methoden het gehele lichaam getracht werd af te 
koelen, is dit nog niet bereikt. Onze hypothese is dat selectieve koeling van alleen het 
aange dane infarctgebied dit wel zou kunnen bewerkstelligen omdat veel bijwerkingen 
van de temperatuurverlaging van het gehele lichaam niet aanwezig zijn.
tot op heden bestond er geen methode om een behandeling met intracoronaire 
hypothermie bij mensen uit te voeren. Omdat het een invasieve behandeling betreft, 
die wordt toegepast bij mensen met een acute en potentieel levensbedreigende 
aandoening, was er eerst een zorgvuldig wetenschappelijk traject vereist, alvorens 
patiënten met deze techniek te behandelen.
Wij geloven sterk dat intracoronaire hypothermie uiteindelijk zal bewijzen de grootte 
van het hartinfarct te beperken en daarvoor voerden wij nauwgezet de noodzakelijke 
stappen uit die nodig zijn voor het ontwikkelen en uitvoeren van deze techniek. Deze 
stappen zijn beschreven in de achtereenvolgende hoofdstukken.
Hoofdstuk 1 bevat een algemene introductie waarin het begrip reperfusieschade van 
het hart wordt uitgelegd. Deze reperfusieschade ontstaat bij patiënten met een acuut 
hartinfarct en het bestrijden er van is het doel van de door ons ontwikkelde techniek. 
Daarna volgt een beschrijving van de geschiedenis van behandeling met hypothermie 
en wordt uitgelegd hoe hypothermie reperfusieschade kan beperken.
In hoofdstuk 2 wordt eerst uitgelegd waarom de bestaande behandelmethoden 
met hypothermie bij patiënten met een acuut hartinfarct hebben tekortgeschoten. 
Vervolgens wordt onze nieuwe, intracoronaire methode geïntroduceerd en de 
voordelen t.o.v. de andere methoden worden besproken.
Hoofdstuk 3 doet verslag van een retrospectieve studie, waarin wij de veiligheid 
van koeling in de kransslagaderen bij patiënten met stabiele angina pectoris en bij 
patiënten met een acuut hartinfarct bestudeerden. Bij deze patiënten werd koeling 
gebruikt om haemodynamische metingen in de kransslagaderen uit te kunnen 
voeren. Omdat slechts bij enkele patiënten, alleen kortdurende en symptoomloze 
geleidingsstoornissen van het hart voorkwamen, en er geen andere bijwerkingen 
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