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3 Abbreviations

AAR Area At Risk

AMI Acute Myocardial Infarction
CMR Cardiac Magnetic Resonance
CS Cardiogenic Shock

ECG Electrocardiography

IS Infarct Size

LAD Left Anterior Descending Artery
LV Left Ventricle

MaR Myocardium at Risk

MRI Magnetic Resonance Imaging
MO Microvascular Obstruction
PCI Percutaneous Coronary Intervention

SPECT  Single Photon Emission Computed Tomography
STEMI  ST-segment Elevation Myocardial Infarction
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4 Abstract

INTRODUCTION: Reperfusion therapy in patients with an ongoing ST-elevation
myocardial infarction (STEMI) is to re-establish coronary flow in the epicardial ar-
teries as soon as possible in order to reduce infarct size and associated complications.
Hypothermia has in experimental studies been shown to reduce infarct size. Clinical
trials, however, have not been able to show this effect, possibly because a therapeutic
temperature was not reached before reperfusion in the majority of the patients allocated
to hypothermia treatment. We aimed to evaluate if hypothermia initiated before reper-
fusion would reduce infarct size. Furthermore, a protocol utilising a combination of
an infusion of cold saline and endovascular cooling catheter was evaluated. Finally, the
effects of hypothermia in cardiogenic shock were investigated.

MATERIAL and METHODS: For paper I-III, an experimental closed chest porcine
model was used. Ischemia was induced by occlusion of the LAD using a PCI-balloon.
Different hypothermia protocols using cold saline, endovascular cooling in combina-
tion or alone were tested. Infarct size and microvascular obstruction were evaluated us-
ing ex-vivo MRI. In paper III, endovascular cooling alone was investigated in a porcine
model of cardiogenic shock. In paper IV, the safety and feasibility of the hypothermia
protocol utilised in paper I, IT was tested in a clinical trial in patients with STEMI.

RESULTS: Paper I: Combination hypothermia (a combination of an infusion of cold
saline and endovascular cooling catheter), if initiated before reperfusion reduced infarct
size by 39%, and abolished microvascular obstruction compared to normothermia.
Furthermore, the hypothermia protocol achieved a reduction in core body temperature
to < 35°C in <10 min. However, hypothermia induced at the onset of reperfusion re-
duced microvascular obstruction by 66%, but did not affect infarct size. In Paper II,
combination hypothermia reduced infarct size by 18% and microvascular obstruction
was virtually abolished despite prolonged ischemic time compared to normothermia.
Furthermore, an infusion of cold saline alone did not reduce infarct size, but reduced
microvascular obstruction by 74%. Prolonged post-reperfusion hypothermia did not
offer any additional. In Paper III, endovascular hypothermia improved survival (8/8
vs. 3/8, hypothermia vs. control), improved hemodynamic parameters, and reduced
acidosis in cardiogenic shock. Paper IV: Combination hypothermia in patients with
STEMI was able to safely reach a core body temperature of < 35°C before reperfusion
without delaying primary PCI, and resulted in a 38% reduction in infarct size.
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CONCLUSIONS: In order for hypothermia treatment to reduce infarct size, it needs
to be initiated before reperfusion. The results indicate that it is safe and clinically feasi-
ble to induce hypothermia by using a combination of cold saline infusion and endovas-
cular cooling prior to reperfusion in awake STEMI patients without delaying time to
reperfusion. Furthermore, hypothermia improves outcome in cardiogenic shock. Larger
randomized clinical trials are needed to verify these findings and to assess possible long
term clinical benefit for the patients.
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5 Introduction

Acute myocardial infarction

Acute myocardial infarction (AMI) is the leading cause of mortality in the industrial-
ized world today.! Modern therapy is aimed at opening the occluded coronary vessel
and establishing reperfusion of the ischemic myocardium as soon as possible in order
to reduce infarct size and associated complications. Infarct size is one of the main pre-
dictors for mortality in patients with acute myocardial infarction.”” Despite modern
reperfusion therapy, many patients suffer from extensive myocardial damage due to the
infarct and die prematurely due to secondary complications such as congestive heart
failure or arrhythmias. Therapies aimed at limiting infarct size are therefore an impor-
tant objective of contemporary research.

Pathophysiology

The common cause of AMI is a rupture of an atherosclerotic plaque with platelet ac-
tivation and aggregation, thrombin formation with formation of a thrombus causing
a partial or total occlusion of the coronary artery.*'? Less common causes of an acute
coronary occlusion involve spasm, spontaneous dissection or embolization.'* > If the
blood flow to a region of the heart becomes interrupted, it will be deprived of oxygen
and nutrients (ischemia). If this interruption of blood flow is not quickly restored,
myocardial necrosis (cell death) will occur within the ischemic area. If the occlusion
is partial, the result is usually a Non-ST-segment Elevation Myocardial Infarction
(NSTEMI), with limited myocardial damage. If the occlusion is total, a ST-segment
Elevation Myocardial Infarction (STEMI) with extensive ischemia will occur within
the region of the heart supplied by the occluded coronary artery. 20-30 min after onset
of ischemia, an infarct starts to develop in the subendocardial tissue. If the occlusion
persists, the infarct usually spreads in a wave-front manner towards the epicardium.'®"”
Restoration of blood flow to the ischemic myocardium as soon as possible is paramount
in limiting the infarct size and related complications.'®0 *!
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Therapy

In the 1980, two pivotal trials showed that pharmacological reperfusion (thrombolytic
therapy) aimed at dissolving the coronary thrombus reduced mortality in STEMI pa-
tients.”> . Furthermore, long term follow-up of the trials showed that the reperfusion
therapy reduced infarct size and improved myocardial function and long term sur-
vival.?#?> A main drawback of thrombolytic therapy is that it only re-establishes normal
coronary flow (TIMI III) in approximately 50 % of patients, with adequate myocar-
dial tissue perfusion restored to an even lower extent.”® Furthermore, patients subject
to thrombolytic therapy have a 0.5-2% risk of lethal bleeding complications. Today,
mechanical reperfusion therapy using percutaneous coronary intervention (PCI) has
largely replaced thrombolytic therapy in STEMI. PCI has proven to be more effective
in re-establishing coronary flow with fewer complications, resulting in a lower mortality
compared to fibrinolytic therapy. 2%

Reperfusion injury

Although reperfusion of the ischemic myocardium is a prerequisite for myocardial sal-
vage, it has been described that the reperfusion in itself may cause additional damage
to the myocardium (reperfusion injury).”® The existence of this phenomenon is still
debated. # 33! Upon reperfusion, the blood flow is increased by more than a 7-fold of
the baseline flow, carrying oxygen and nutrients to the ischemic myocardium. ** Several
negative effects of reperfusion have been proposed.
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Figure 1. This figure illustrates the mechanisms considered to be involved in reperfusion injury
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Oxygenation has been found to generate oxidative stress, which in turn can mediate
myocardial injury. . Reperfusion also causes an abrupt increase in intracellular Ca*
which in turn causes myofibril contraction and subsequent apoptosis due to opening
of the mitochondrial permeability transition pore.** An abrupt restoration of intracel-
lular pH also facilitates Ca**-mediated myocardial injury.*> Furthermore, inflammation
is thought to play an important role in reperfusion injury. During the first day after an
acute myocardial infarction, the reperfused myocardium is infiltrated with neutrophils
who release reactive oxygen species and cause microvascular plugging.*® Despite many
potential targets for attenuation of reperfusion injury and numerous positive experi-
mental studies, no therapy has yet reached clinical practice. ¥

Microvascular obstruction

Microvascular obstruction (MO) is a phenomenon related to reperfusion injury. MO
represents a region with impaired microvascular blood flow within the infarcted myo-
cardium, and illustrates that myocardial tissue perfusion has not occurred.

Figure 2. This figure shows a short-axis ex-vivo CMR image of an experimentally induced anterior AMI.
The brighter area represents infarcted myocardium. Microvascular obstruction is seen as a darker area
within the infarct.

The phenomenon is prevalent in larger myocardial infarctions and the extent of MO
is correlated to the extent of the myocardial infarction.”® MO is also a predictor of im-

17



paired recovery of left ventricular function and long-term mortality, independently of
infarct size.> %0

Hypotermia in myocardial ischemia

Over the past decade, several studies investigating the effects of therapeutic mild hypo-
thermia on myocardial ischemia have been published. Duncker and co-workers dem-
onstrated in an open chest porcine model that if external hypothermia was induced
before ischemia was initiated, a reduction in infarct size was seen. The observed effect
was also proportional to the reduction in temperature.*’ Furthermore, Hale and co-
workers using an open chest rabbit model using topical cooling, found that induc-
tion of hypothermia treatment early after onset of ischemia reduced infarct size.*> *®
Hypothermia could thus offer protective properties even after onset of ischemia. Miki
and co-workers further investigated this effect and found that the earlier after onset of
ischemia, hypothermia was induced, the greater reduction in infarct size was seen.*
The protective effects of hypothermia seemed to be time-dependent. The drawback
of these studies was that they were performed in an experimental setting, often using
small animals with hypothermia protocols which could not easily be translated into a
clinical application. In the clinical setting this is not feasible to induce hypothermia
before or early after onset of ischemia. It will only be possible to induce hypothermia
shortly before or after onset of reperfusion. Dae and co-workers found that hypother-
mia, using an endovascular cooling catheter caused an 80% reduction in infarct size in
human sized pigs.® Hypothermia was in that study initiated after 20 min of ischemia.
Furthermore, it took approximately 45 min to cool the pigs to a temperature < 35°C
using endovascular cooling. The effect of hypothermia on infarct size observed in the
experimental studies resulted in two clinical trials (ICE-IT and COOL-MI) investigat-
ing the effect of endovascular hypothermia in patients with STEML“*# Unfortunately,
the trials failed to show a reduction in infarct size in the hypothermia group. Post-hoc
analysis of the COOL-MI-trial showed that in the minority of patients who reached a
body temperature of < 35°C before reperfusion, a 49% reduction in infarct size (9.3%
vs. 18.2%, p=0.05) was observed. In the ICE-IT trial, as similar trend was seen with
a 43% reduction in infarct size in patients achieving a temperature of < 35°C before
reperfusion (12.9% vs. 22.7%, p=0.09).

(Sitt in bild Cool-MI till vinster och bild ICE-IT till héger om denna (om det ser

snyggt ut)

18



Mean (% LV)

09220

17.9%

O Control (N = 38)
I All Hypo (N = 36)

m Tpci <35 (N = 10)
W Tpci >35 (N = 26)

AliTest <35C  235C Control

(N=61)  (N=16)  (N=38) (N=59) Hypothermia Control

Figure 3: This left figure displays the results from the COOL-MI-trial, whereas the right figure
displays the results from the ICE-IT-trial.

Despite failure of the trials to meet their primary endpoint, the post-hoc analyses
suggested the necessity of initiating hypothermia before reperfusion. Maeng and co-
workers indirectly confirmed the findings from the clinical trials when observing that
induction of hypothermia after onset of reperfusion in a porcine model did not affect
infarct size.*® There was thus a new need to establish a protocol which allowed for in-
duction of hypothermia achieving a core body temperature of < 35°C without delaying
reperfusion therapy.

Cardiogenic shock

Cardiogenic shock (CS) is a feared complication to acute myocardial infarction which
occurs in 7-10% of STEMI-patients. *’ The condition is thought to be due to a depres-
sion in myocardial contractility due to ischemia, resulting in a vicious circle of hypoten-
sion, reduced tissue- and coronary perfusion, and resulting in metabolic acidosis, with a
subsequent further reduction in cardiac output. The underlying cause is usually either a
large myocardial infarction, or a moderate sized myocardial infarction in a patient with
an already reduced ventricular function.”® The condition, if untreated, has a mortal-
ity rate of up to 80%.*°"52 In the SHOCK-trial, patients were randomized between
emergency revascularization and initial medical stabilization.”* Early revascularization
reduced 12-month mortality rate significantly (53% vs. 66%, p=0.025). The benefit of
revascularization may have been underestimated in the study since 86% of patients in
both groups received an intraaortic balloon pump which is a device designed to assist
the circulation in case of acute heart failure. Furthermore, 25% of patients in the initial
medical stabilization group underwent mechanical reperfusion therapy. The mortality
rate in the initial medical stabilization group is also lower than typically seen in untreat-
ed patients. Based on the results from the SHOCK-trial, guidelines now state that pa-
tients in cardiogenic shock should undergo immediate revascularization. Nevertheless,
despite early intervention, mortality rates still remain at around 50%.%% >
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Hypothermia and myocardial function

Experimental studies have demonstrated that mild hypothermia increases myocardial
contractility in excised heart preparations as well as in the in situ heart.”>”” Weisser and
co-workers found that the positive inotropic effects were exerted by both prolonged
contraction- and relaxation time.”® Furthermore, the intracellular Ca**-content was not
increased. This indicates that hypothermia acts in a cAMP-independent manner by
an increased myofilament sensitivity to existing Ca?*. Nishimura and co-workers con-
firmed the finding of an increase in myocardial contractility by mild hypothermia.”” In
the in-situ heart, an increase in myocardial contractility was observed, while myocardial
oxygen consumption was reduced. Cardiac output decreased as a result of an increase
in systemic vascular resistance due to hypothermia. When applying a vasodilator to
the same setting, cardiac output was unchanged, while stroke volume increased. Thus,
hypothermia increases myocardial contractility without increasing myocardial oxygen
consumption, and decreases heart rate with a concomitant increase in stroke volume.
Cardiac output may be unchanged or reduced depending on the systemic vascular re-
sistance. %7

Moriyama and co-workers applied external cooling together with intraaortic bal-
loon pump support in a non-randomized fashion on 8 patients who had cardiogenic
shock after open heart surgery.”® They found unchanged heart rate, blood pressure, and
cardiac output during cooling. However, tissue oxygen consumption was lowered from
231+30mlO,/min before induction of hypothermia to 189+31mlO,/min during hypo-
thermia. Furthermore, SvO2 increased from 45+8% to 56+7%. Yahagi and co-workers
performed a study on 10 patients in a similar setting as Moriyama.”® They found an
increase in cardiac index CI from 1.9+0.3l/min/m? to 2.2+0.3]/min/m?, an increase in
SvO2 from 55+7% to 64+6%, and an increase in urine output from 2.1+ 1.1ml/kg/h
to 3.4+2.2ml/kg/h. These small non-randomized studies suggest a potential use for hy-
pothermia in reducing peripheral oxygen consumption and hemodynamic stabilization
in cardiogenic shock after open heart surgery.
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6 Hypotheses of the thesis

II.

I11.

Iv.

VI

A combination of cold saline infusion and an endovascular cooling catheter will
cause a rapid induction of hypothermia and will reduce infarct size if initiated
before reperfusion.

Rapid cooling using a combination of cold saline and an endovascular cooling
catheter will reduce infarct size by attenuation of reperfusion injury.

Cold saline alone, if initiated before reperfusion will reduce infarct size.
Extending active hypothermia treatment beyond 15 min past reperfusion will
confer myocardial protection compared to shorter post-reperfusion hypothermia

treatment.

Endovascular hypothermia will stabilize circulation and improve outcome in car-
diogenic shock.

Rapid cooling using a combination of cold saline and an endovascular cooling

catheter is safe and feasible in patients with ST-segment Elevation Myocardial
Infarction and will reduce infarct size.
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7 Materials and methods

Animals Paper [-1II

All animals were healthy male or female pigs, weighing 40-50kg of Swedish landrace.

The pigs were fasted overnight with free access to water and were premedicated
with Ketaminol (Ketamine, Intervet, Danderyd, Sweden), 100mg/ml, 1,5ml/10kg, and
Rompun (Xylazin, Bayer AG, Leverkusen, Germany), 20mg/ml, 1ml/10kg intramus-
cularly 30 min before the procedure. After induction of anesthesia with thiopental 12.5
mg/kg (Pentothal, Abbott, Stockholm, Sweden), the animals were orally intubated with
cuffed endotracheal tubes. A slow infusion of 1 ul/ml fentanyl (Fentanyl, Pharmalink
AB, Stockholm, Sweden) in buffered glucose (25 mg/ml) was started at a rate of 2
ml/min and adjusted as needed. During balanced anaesthesia, thiopental (Pentothal,
Abbott, Stockholm, Sweden) was titrated against animal requirements with small bolus
doses. Mechanical ventilation was established with a Siemens-Elema 900B ventilator
in the volume-controlled mode, adjusted in order to obtain normocapnia (temperature
corrected pCO,: 5.0-6.0 kPa). The animals were ventilated with a mixture of nitrous
oxide (70%) and oxygen (30%). Blood gases were analyzed every 30 minutes through-
out the experiment in an automated bench top analyzer (Radiometer Medical ApS,
Bronshsej, Denmark). Heparin (200 IU/kg) was given intravenously at the start of
the catheterization. The procedures were performed in an experimental catheterization
laboratory (Shimadzu Corp., Kyoto, Japan).

Monitoring Paper I-1I
The pigs were continuously monitored by electrocardiography (ECG) and defibrilla-

tions were performed using a Lifepak™ 12 (Medtronic Co., Minneapolis, MN, USA).
Arterial blood pressure was measured using a blood pressure transducer (ADInstruments

Inc, Colorado Springs, CO, USA).

Monitoring Paper 111

ECG-monitoring was performed as described previously. Arterial blood pressure, pul-
monary artery pressure, capillary wedge pressure, and central venous pressure were con-
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tinuously measured using separate transducers (ADInstruments Inc, Colorado Springs,
CO, USA). Cardiac output was continuously monitored through a Vigilance™ moni-
tor (Edwards Lifesciences, Irvine, CA, USA). Hemodynamic parameters were digitally
recorded using Chart v4.2 (ADInstruments Inc, Colorado Springs, CO, USA).

Insertion of an endovascular cooling catheterc Paper I-111

A 12 F introducer sheath (Boston Scientific Scimed, Maple Grove, MN, USA) was
inserted into the surgically exposed left femoral vein. A 0.021-inch guide wire (Safe-T-]
Curved™, Cook Medical Inc, Bloomington, IN, USA) was inserted into the proxi-
mal inferior vena cava through the introducer. Using the guide wire, a 10.7 F Celsius
Control™ catheter (Innercool Therapies Inc, San Diego, CA, USA) was placed into
the inferior vena cava with the tip of the catheter at the level of the diaphragm.

Figure 4. The left figure shows the endovascular cooling catheter through which cold saline is flushed. The
catheter is placed in the v cava inferior through a catheter placed in a femoral vein. The right figure shows
the heat exchange console to which the catheter is connected.

Core body temperature was measured with a temperature probe (TYCO Healthcare
Norden AB, Solna, Sweden) placed in the distal part of the esophagus. The catheter and
the temperature probe were then connected to the Celsius Control and the system was
set to maintain a normal pig body temperature of 38.0° C.
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General Catheterizations paper I-11

A 6 F introducer sheath (Boston Scientific Scimed, Maple Grove, MN, USA) was in-
serted into the surgically exposed left carotid artery upon which a 6 F FL4 Wiseguide™
(Boston Scientific Scimed, Maple Grove, MN, USA) was inserted into the left main
coronary artery. An angiogram was obtained using 8-10 ml of contrast (Omnipaque™
300mg I/ml (Nycomed, Oslo, Norway) to ensure correct positioning of the catheter.
The catheter was used to place a 0.014-inch PT Choice™ guide wire (Boston Scientific
Scimed, Maple Grove, MN, USA) into the distal LAD. A 3.0-3.5 x 20 mm Maverick
monorail™ angioplasty balloon (Boston Scientific Scimed, Maple Grove, MN, USA)
was positioned in the LAD, immediately distal to the first diagonal branch.

General Catheterizations paper I11

A 6 F introducer sheath (Boston Scientific Scimed, Maple Grove, MN, USA) was in-
serted into the surgically exposed left carotid artery and the left coronary artery was
catheterized as described previously. A 0.014-inch PT Choice™ guide wire (Boston
Scientific Scimed, Maple Grove, MN, USA) was placed into the distal LAD. A 3.0-3.5
x 20 mm Maverick monorail™ angioplasty balloon (Boston Scientific Scimed, Maple
Grove, MN, USA) was positioned in the proximal LAD.

A 9 F introducer sheath (Boston Scientific Scimed, Maple Grove, MN, USA) was
inserted into the surgically exposed right jugular vein. A 7.5 F Continuous Cardiac
Output Pulmonary Artery Catheter™ (Edwards Lifesciences, Irvine, CA, USA) was
inserted into a pulmonary artery. The catheter was then connected to a Vigilance™
monitor (Edwards Lifesciences, Irvine, CA, USA).

Protocol

Study I: Rapid induction of hypothermia in pigs with acute myocardial
infarction

Ischemia protocol

After a stable core body temperature of 38.0° C was achieved, ischemia was induced
by inflation of the angioplasty balloon for 40 min. An angiogram was performed after
inflation of the balloon and before deflation of the balloon in order to verify total oc-
clusion of the coronary vessel and correct balloon positioning. After deflation of the
balloon a subsequent angiogram was performed to verify restoration of blood flow in
the previously occluded artery.
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Hypothermia protocol

The pigs were randomized to rapid hypothermia before reperfusion, (pre-reperfusion
hypothermia, n=8) or immediately after reperfusion (post-reperfusion hypothermia,
n=8). A normothermic group (n=6) was also studied in order to provide comparison
between different hypothermia protocols and normothermia. Hypothermia was in-
duced by a rapid intravenous infusion of 1000 ml of 4° C cold saline into a central
vein together with the Celsius Control™ endovascular cooling system after 25 min of
ischemia or immediately after reperfusion when coronary blood flow was restored

Pre-reperfusion hypothermia

Ischemia (40 min)

Normothermia (38°C) Hypothermia (33°C)

Induction of
hypothermia

Post-reperfusion hypothermia

Ischemia (40 min)

Normothermia (38°C) Hypothermia (33°C)

f

Induction of
hypothermia

Normothermia

Ischemia (40 min)

Normothermia (38°C)

Figure 5: This figure shows the hypothermia protocol in study 1. Protocol for induction of hy-
pothermia. In the pre-reperfusion group, hypothermia was started after 25 min of ischemia (15
min before reperfusion) and in the post-reperfusion group, hypothermia was started immedi-
ately after reperfusion. Active hypothermia treatment continued for 30 min in both groups. The
normothermia group was maintained at 38.0° C.

Target temperature was 33° C and successful cooling was defined as a temperature of
< 35°C. Hypothermia was then actively maintained for 30 min followed by passive
rewarming with blankets.
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Study 1II:

Ischemia protocol

After a stable core body temperature of 38.0° C was achieved, ischemia was induced by
inflation of an angioplasty balloon in the LAD for 40 or 45 min depending on which
hypothermia protocol which was utilised (see below). An angiogram was performed
after inflation of the balloon and before deflation of the balloon in order to verify total
occlusion of the coronary vessel and correct balloon positioning. After deflation of the
balloon a subsequent angiogram was performed to verify restoration of blood flow in
the previously occluded artery.

Hypothermia protocol

The pigs were randomized to combination hypothermia (using cold saline and en-
dovascular cooling (n=8)) or to normothermia (n=8), (figure 6a). Furthermore, we ex-
amined the effect of hypothermia induced by cold saline alone (n=8), (figure 6b), and
extended hypothermia for 75 minutes (n=8) compared to shorter active hypothermia
(30 minutes) (n=7) (figure 6¢).

The normothermia group (control) had duration of ischemia of 40 min, followed by
reperfusion.

Combination hypothermia

In the combination hypothermia group, hypothermia was induced after 40 min of
ischemia by a rapid intravenous infusion of 1000 ml of 4° C cold saline into a central
vein together with the Celsius Control™ endovascular cooling system. Target tempera-
ture was 33° C and successful cooling was defined as a temperature of < 35°C. Total
ischemia time was extended by 5 min to a total of 45 min in this group, achieving equal
normothermic ischemic time compared to controls. Following reperfusion, hypother-
mia was actively maintained for 30 min followed by passive warming with blankets.

Cold saline hypothermia

In the cold saline hypothermia group, hypothermia was induced after 40 min of
ischemia by a rapid intravenous infusion of 1000 ml of 4° C saline into a central vein.
Total ischemic time was 45 min. The temperature was then continuously monitored
but no further active cooling was undertaken.

Extended hypothermia

In the extended hypothermia group, hypothermia was induced after 25 min of
ischemia using a combination of cold saline and endovascular cooling as described
above. Hypothermia was initially maintained for the final 15 minutes of ischemia, thus
yielding a total ischemic time of 40 min. Following reperfusion, hypothermia was con-
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tinued and actively maintained for 60 min followed by passive warming. The shorter
active hypothermia group was identical to the extended hypothermia group, with the
exception that hypothermia following reperfusion was only actively maintained for 30
minutes, followed by passive warming. Data from the shorter active hypothermia group
originate from paper I.

A

Combination hypothermia

Ischemia (45 min)

Normothermia (38°C) 30 min active hy ia (33°C) |

Normothermia <—— Induction of hypothermia

| Ischemia (40 min) i

Normothermia (38°C)

B

Cold Saline Hypothermia
Ischemia (45 min)
Normothermia (38°C)

Normothermia <4—— Induction of hypothermia

l Ischemia (40 min) I
Normothermia (38°C)

Cc

Extended hypothermia

Ischemia (40 min)
Normothermia (38°C) 75 min active hypothermia (33°C)
Shorter active hypothermia

Ischemia (40 min)
Normothermia (38°C) 30 min active hypothermia (339C) _

<= Induction of hypothermia

Normothermia

Ischemia (40 min)

Figure 6: This figure shows the hypothermia protocols in study II. a) Combination hypothermia
was started after 40 min of ischemia and the ischemic time was then prolonged by 5 min in
order to achieve the same normothermic ischemic time. b) Cold saline hypothermia was started
after 40 min of ischemia by a single infusion of 1000ml of cold saline solution. The ischemic
time was then prolonged by 5 min in order to achieve the same normothermic ischemic time.
¢) Extended hypothermia was initiated after 25 min of ischemia, continued for 15 minutes of
ischemia, and maintained during 60 min after the onset of reperfusion. Shorter active hypother-
mia was also initiated after 25 min of ischemia and continued for 15 minutes of ischemia, but
was only maintained during 15 min after the onset of reperfusion.
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Study I1I:

Ischemia protocol

After a stable core body temperature of 38.0° C was achieved, ischemia was induced by
inflation of the angioplasty balloon in the proximal LAD for 40 min. An angiogram
was performed after inflation of the balloon and before deflation of the balloon in order
to verify total occlusion of the LAD and correct balloon positioning. After deflation of
the balloon a subsequent angiogram was performed to verify restoration of blood flow
in the previously occluded artery.

Hypothermia protocol

After a stable core body temperature of 38.0° C was achieved, ischemia was induced by
inflation of the angioplasty balloon in the proximal LAD for 40 min. An angiogram
was performed after inflation of the balloon and before deflation of the balloon in order
to verify total occlusion of the LAD and correct balloon positioning. After deflation of
the balloon a subsequent angiogram was performed to verify restoration of blood flow
in the previously occluded artery. The animals were included in the study if they ful-
filled our prespecified criterion of a high risk of developing sustained cardiogenic shock
(<90 mm Hg for at least 15 min) immediately before reperfusion. If the animal fulfilled
this criteria, it was randomized to hypothermia (n=8) or to normothermia (n=8), by
drawing folded notes which read “cool” or “warm” out of a box. Hypothermia was then
induced after reperfusion and maintained by using the Celsius Control™ endovascu-
lar cooling system. After reaching the target temperature of 33° C, hypothermia was
maintained throughout the experiment. In the normothermia group, the endovascular
catheter was used to maintain a normal pig body temperature of 38° C. After 4 hours
the experiment ended and surviving pigs were sacrificed. Pigs that died during ischemia
or did not meet the criterion for cardiogenic shock (< 90 mm Hg during at least 15
minutes) before randomization were excluded from the study. In order to exclude any
positive effects on volume-loading, cold fluids during the experiment were excluded
from the hypothermia protocol. No additional fluids in either group were permitted
except for administration of anaesthetic drugs.
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Figure 7. This figure shows the hypothermia protocol in study III. Endovascular hypothermia was induced
after randomization, at the onset of reperfusion and was then maintained throughout the duration of the
experiment.

Study IV:

Study population

From March 2007 to October 2009, patients were enrolled in this prospective ran-
domized single center study to test the feasibility and safety of an infusion of cold
saline together with endovascular hypothermia, using the Celsius Control™ System
(Innercool Therapies Inc, San Diego, CA, USA) as an adjunct therapy in patients with
an acute STEMI eligible for primary PCI. Men and women between 18 and 75 years
of age who presented with an anterior or inferior STEMI with ST-segment elevation
of > 0.2mV in two or more anatomically contiguous leads and a duration of symptoms
of < 6h were included. Patients with cardiac arrest, previous AMI, previous PCI or
CABG, known congestive heart failure, end stage kidney disease or hepatic failure, re-
cent stroke, coagulopathy, pregnancy or Killip class II-IV at presentation were excluded
from the study.

Protocol

Figure 8 gives a timeline of the protocol. Eligible patients were randomized to hypo-
thermia or to the control group in the cardiac catheterization laboratory before angiog-
raphy. Sealed opaque envelopes that contained the study group assignment were opened
after informed consent was obtained. Patients assigned to the hypothermia group were
given 30mg of oral buspirone. Meperidine was given as an intravenous loading dose of
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1mg/kg. The loading dose was reduced to 0.5mg/kg if the patient had been given mor-
phine prior to enrollment in the study. The loading dose was followed by a continu-
ous infusion of meperidine at 30mg/h. Additional 25mg intravenous boluses doses of
meperidine was given if the patient started to shiver. Shivering was further suppressed
at the ward by skin warming using a forced-air warming blanket. Hypothermia was
induced by forced infusion of 4°C cold saline using pressure bags. Volume adminis-
tered was 1000-2000 ml at the physician’s discretion. A 14 F introducer was inserted
in the right femoral vein. Through the introducer, a 14 F Celsius Control™ catheter
(Innercool Therapies Inc, San Diego, CA, USA) was placed into the inferior vena cava
with the tip of the catheter at the level of the diaphragm. The target temperature was
then set to 33°C. Core body temperature was measured using an integrated tempera-
ture probe in the cooling catheter. Cooling was maintained for 3h followed by passive
warming to 36-37 °C during 3h. Loading doses of 500mg of Aspirin, and 600mg of
clopidogrel were given to all patients before cardiac catheterization. After induction of
hypothermia, a coronary angiogram was performed. Patients underwent PCI according
to current standard of practice.
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Figure 8. The timeline at the catheterization laboratory.
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Imaging

Assessment of area at risk by in vivo SPECT paper [

Single photon emission computed tomography (SPECT) was used to assess the area at
risk (AAR). Five hundred MBq of #™Tc-tetrofosmin was administered intravenously
ten minutes before deflation of the angioplasty balloon. The anesthetized pigs were
then imaged in a supine position with a dual head camera (ADAC Vertex, Milpitas,
CA, USA) at 32 projections (40 s per projection) with a 64 X 64 matrix yielding a
digital resolution of 5 X 5 X 5 mm. Iterative reconstruction using maximum likelihood-
expectation maximization (MLEM) was performed with a low-resolution Butterworth
filter with a cut-off frequency set to 0.6 of Nyquist and order 5.0. No attenuation or
scatter correction was applied. Finally short and long-axis images were reconstructed.
Quantification of the size of AAR in ml was performed automatically as the extent of the
perfusion defect as determined by commercially available software (Auto QUANT™
4.3.1 and a standard database; ADAC, Milpitas, CA, USA).®” AAR was expressed as
percent of the left ventricular volume, and this was determined by dividing the AAR
(ml) from SPECT by the left ventricular wall volume (ml) determined by ex vivo MRI
as described below. This was performed due to the known limitations in accuracy for
determining left ventricular wall volume by SPECT.®!

Assessment of area at risk by ex vivo SPECT paper 11

Single photon emission computed tomography (SPECT) was used to assess the AAR as
percent of left ventricular myocardium. 1000 MBq of ™ Tc-tetrofosmin was adminis-
tered intravenously ten minutes before deflation of the angioplasty balloon. Ex vivo im-
aging was performed with a dual head camera (Skylight, Philips, Best, the Netherlands)
at 32 projections (40 s per projection) with a 64 X 64 matrix yielding a digital resolu-
tion of 5 X 5 X 5 mm. Iterative reconstruction using maximum likelihood-expectation
maximization (MLEM) was performed with a low-resolution Butterworth filter with a
cut-off frequency set to 0.6 of Nyquist and order 5.0. No attenuation or scatter correc-
tion was applied. Finally short and long-axis images were reconstructed. The endocar-
dial and epicardial borders of the left ventricle that were manually delineated in the MR
images were copied to the co-registered SPECT images. A SPECT defect was defined as
a region within the MRI-determined myocardium with counts lower than 55% of the
maximum counts in the myocardium.®

Infarct size and microvascular obstruction assessed by ex vivo MRI paper I, 11

Ex vivo imaging of the heart was undertaken using a 1.5 T Philips Intera CV MR scan-
ner (Philips, Best, the Netherlands) according to a previous described protocol.** In
brief, a commercially available gadolinium-based contrast agent (Magnevist, gadopen-

tetate dimeglumine, Gd-DTPA, Schering Nordisker AB, Jirfilla, Sweden) was admin-
istered intravenously (0.2 mmol/kg) both 60 and 15 minutes prior to removal of the
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heart. After removal, the heart was immediately rinsed in cold saline and the ventricles
were filled with balloons containing deuterated water. Three dimensional acquisition of
T1-weighted images (TR = 20ms, TE = 3.2ms, flip angle = 70° and 2 averages) yielded
a stack of approximately 200 images with an isometric resolution of 0.5 mm covering
the entire heart. Images were then acquired using a head coil and the duration of acqui-
sition was typically 45 minutes.

The MR images were analyzed using freely available software (Segment 1.457, paper
D), or (Segment 1.700, paper II), (http://segment.heiberg.se). The endocardial and epi-
cardial borders of the left ventricular myocardium were manually delineated in short-
axis ex vivo images. This defined the volume of left ventricular myocardium (cm® =
ml). The infarct size (IS) was first determined as the volume of infarcted myocardium
(cm®). The infarct volume was calculated as the product of the slice thickness (cm)
and the area of hyperenhanced pixels (cm?) with a signal intensity above the infarction
threshold defined as > 8 SD above the mean intensity of non-affected remote myo-
cardium. Microvascular obstruction was defined as hypointense regions in the core of
the infarction which had signal intensity less than the threshold for infarction. These
regions were manually included in the infarct volume. The volume of microvascular
obstruction (cm?) was calculated as the difference between the infarct volume before
and after manual inclusion of regions of microvascular obstruction. Furthermore, the
size of microvascular obstruction was expressed as percent of infarct size. Ultimately, the
infarct size was expressed as percent of left ventricular myocardium.

Finally, infarct size was expressed as a percentage of the area at risk (IS/AAR) in order

to adjust for any difference in area at risk between the groups. ¢

Patchiness index paper I

Infarct homogeneity was assessed by a patchiness index based on infarct surface area. The
high resolution ex vivo MR images allowed quantification of the surface area of the infarct.
Infarct surface area (cm?*) was automatically determined as the product of the slice thick-
ness (cm) and the distance along the pixel border between infarcted and non-infarcted
pixels (cm) in each slice. For equally homogeneous infarcts, a larger infarct volume will
yield a larger surface area. A patchiness index (cm™) was therefore calculated as the infarct
surface area (cm?) divided by the infarct volume (cm?). Thus, the patchiness index pro-
vided a method for estimating the homogeneity of the myocardial infarction adjusted
for infarct size.

CMR imaging paper IV

After 4+2 days, patients underwent a CMR examination in supine position usinga 1.5T
system (Philips Intera CV, Philips, Best, the Netherlands) with a five element cardiac
synergy coil. Initial scout images were acquired to locate the heart and the standard im-
aging planes. For visualization of the initial ischemic myocardium, T2-weighted short
tau inversion recovery (STIR) turbo spin echo images with a double inversion pulse for
blood suppression were acquired in the short-axis view, covering the left ventricle from
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the base to apex. Image parameters for T2-weighted imaging were: echo time, 100 ms;
repetition time, 2 heart beats; number of averages, 2; inversion time, 180 ms; image
resolution, 1.5 x 1.5 x 10 mm with no gap. Parallel imaging with SENSE=1 was used
to minimize signal inhomogeneities due to differences in coil sensitivity. For infarct
visualisation, late gadolinium enhancement (LGE) images were acquired 15-20 min-
utes after administration of 0.2mmol per kilogram of body weight of an extracellular
gadolinium-based contrast agent (gadoteric acid, Gd-DOTA, Guerbet, Gothia Medical
AB, Billdal, Sweden). The LGE images were acquired in the short-axis view, from base
to apex, and in the three standard long-axis views (two-chamber, four-chamber and
left ventricular outflow tract views), during breath-hold, using an ECG-triggered seg-
mented inversion-recovery gradient recalled echo (IR-GRE) image sequence. Typical
IR-GRE sequence parameters were: echo time, 1.2 ms; repetition time, 3.9 ms; image
resolution, 1.5 x 1.5 x 8 mm with no gap; flip angle, 15°; acquisition every heartbeat.
The inversion time of typically 230-270 ms was manually adjusted to null the signal
from remote myocardium.

Image analysis

The analysis of MaR and infarct size was performed using a freely available post-pro-
cessing software (Segment, v.1.8 R0795; http://segment.heiberg.se).® For assessment of
MaR, the endocardial and epicardial borders were manually traced in each T2-weighted
short-axis image. The myocardium with increased signal intensity was manually deline-
ated, as previously described, by an experienced observer blinded to all other data.®
The MaR was expressed as a percentage of the left ventricular myocardium. The infarct
size was assessed from the short-axis images and quantified using a previously described
and validated semiautomatic method.” The assessment of infarct size was performed
by an observer blinded to all other data. In short, the endocardial and epicardial bor-
ders were manually traced in each LGE short-axis images. Thereafter, the hyperen-
hanced myocardium was automatically quantified using a computer algorithm, taking
partial volume effects in the periphery of the infarction into account. Regions where
the computer algorithm was clearly wrong, manual adjustments were made. Infarct
size was expressed as a percentage of the left ventricular myocardium. Infarct size was
subsequently expressed as percent of myocardium at risk. Microvascular obstruction
was defined as hypo-intense regions in the core of the infarction which had signal in-
tensity less than the threshold for infarction. These regions were manually included in
the infarct volume. The volume of microvascular obstruction (cm?) was calculated as
the difference between the infarct volume before and after manual inclusion of regions
of microvascular obstruction. The size of microvascular obstruction was expressed as
percent of infarct size.
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Biochemical markers paper IV

CKMB and Troponin T were sampled on admission to the catheterization laboratory,
and at 12h, and 24h after admission. Peak values were defined as the highest measured
value within 24h. Area under the curve (AUC) was calculated from the measurements.
NT-proBNP was sampled at day 1.
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8 Ethics and Statistics

Ethics

Study I-IIT conforms to the Guide for the Care and Use of Laboratory Animals, US
National Institute of Health (NIH Publication No. 85-23, revised 1996) and was ap-
proved by the local animal research ethics committee. Study IV was performed in ac-
cordance with the Declaration of Helsinki and the ethics committee of Lund University
approved the study.

Statistics

Paper I

Calculations and statistics were performed using the GraphPad Prism 4.0 software.
Values are presented as mean + SEM. Statistical significance was accepted when P < 0.05
(Mann-Whitney’s test).

Paper 11

Calculations and statistics were performed using the GraphPad Prism 4.0 software
(GraphPad Software Inc., La Jolla, CA, USA). Significance for the primary end point
was tested using the unpaired Student’s t-test. Multiple comparisons between variants
of cooling protocols were tested with ANOVA. Values are presented as mean + SEM.
Statistical significance was accepted when p < 0.05.

Paper 111

Calculations and statistics were performed using the GraphPad Prism 5.0 software
(GraphPad Software Inc., La Jolla, CA, USA). Significance for survival was tested using
the Fischer’s exact test. In order to test significance for hemodynamic and blood gas
variables in a conservative manner, the mean value of the tested variable was calculated
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from the time of randomization (at 40 min) until the end of experiment (4h) in the
respective groups. Mann-Whitney’s test was then performed to test for any difference
in mean values. Statistical significance was accepted when p < 0.05.

Paper IV

Calculations and statistics were performed using the GraphPad Prism 5.0 software
(GraphPad Software Inc., La Jolla, CA, USA). Fisher’s exact test was performed on cat-
egorical variables. Continuous variables were tested using Mann-Whitney U test with
exact inference. Statistical significance was accepted when p < 0.05.
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9 Results

Induction of hypothermia

The rationale for adding an infusion of cold saline to the use of an endovascular cool-
ing catheter (combination hypothermia) was to cause a more rapid induction of hy-
pothermia than with the cooling catheter alone. In studies I-II, combination hypo-
thermia achieved a reduction in core body temperature from 38°C to <35°C in 5-10
min (Figure 9a-c). An infusion of cold saline alone achieved a similar rapid reduction
in core body temperature, but as soon as the infusion was finished, a quick rebound
in core body temperature was seen (Figure 9d). At the time of reperfusion, core body
temperature was 35.2+0.3 °C, but 25 min after onset of reperfusion, the temperature
was 36.3+0.1 °C. Cold saline alone was thus able to achieve a fast induction of hypo-
thermia but was unable to sustain hypothermia. In study III, an endovascular cooling
catheter alone was used to induce hypothermia (Figure 9¢). Hypothermia was initiated
at reperfusion, and 45 minutes after initiation of hypothermia, the mean temperature
in the hypothermia group was 33.6 + 0.7° C. The mean cooling rate in the study was
5.9° C/hr. Endovascular cooling alone had a slower induction phase than combination
hypothermia or cold saline alone but was able to sustain hypothermia.
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Figure 9. This figure shows the reduction in core body temperature caused by the different experimental
hypothermia protocols. a) Combination hypothermia caused a rapid reduction in core body temperature
to <35°C in approximately 5-10 min (study I). b,c ) Similar effects of combination hypothermia were
seen in study II. d) Cold saline alone caused a rapid induction of hypothermia, but was unable to sustain
hypothermia in the early reperfusion phase. €) Endovascular hypothermia alone resulted in a mean cooling

rate of 5.9° C/hr.
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Safety and feasibility of hypothermia

Twenty patients were enrolled in the study. There were no significant differences in
baseline characteristics between the hypothermia and the control group (Table 1). (Jag
har satt in tabell 1 nedan, kan sjilvklart sittas var som helst i texten) One patient
in the normothermia group had a visible thrombus in the left main coronary artery and
underwent emergency CABG after angiography had been performed, and was therefore
excluded from further analysis. One patient in the hypothermia group was prevented
from immediate angiography due to another STEMI-patient at the catheterization lab-
oratory, delaying cooling beyond the pre-specified 6 hours duration of ischemia, and
was therefore excluded from further analysis. Clinical and angiographic data are shown
in Table 1. The time from onset of symptoms to reperfusion did not differ between the
two groups (174+51min vs. 174+62min, hypothermia vs. control, p=1.00). Successful
revascularization was performed in all patients. All patients who underwent PCI were
stented. TIMI 3 flow was established in all patients. Thrombectomy was performed in
15/18 patients with no difference between the groups.

Variable Hypothermia (n=9) Control (n=9)
Age 62 £ 10 58+7
Women 2 2
Hypertension 3 2
Diabetes 1 2
Hyperlipidemia 1 0
Current smoker 3 5
Infarct related artery

LAD 6 7
RCA 3 2
Onset of symptoms to reperfusion (min) 174 £ 51 174 + 62
Door-to-balloon time (min) 43 +7 40 + 6
Initial TIMI flow

0/1 7 8
2/3 2 1
Successful revascularisation 9 9
TIMI 3 flow post PCI 9 9
Thrombectomy 8 7
Procedural time (min) 55 + 24 40 + 18
Abciximab 6 6
Bivalirudin 3 3

Table 1: This table shows the baseline clinical and angiographic data for the patients. P = NS for all com-
parisons. Data are presented as mean + SD.
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Hypothermia treatment

Baseline temperature did not differ among the groups (hypothermia 36.8 + 0.7°C vs
control 36.5 + 0.6°C, p = 0.87). The timeline at the catheterization laboratory and
measurements of core body temperature is shown in figure 10.
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Figure 10. This figure shows the time line at the catheterization laboratory and the reduction in
core body temperature.

Door to balloon time was 43 + 7 min in the hypothermia group and 40 + 6 min in the
normothermia group, indicating that initiation of hypothermia did not markedly delay
reperfusion (p=0.12) (Figure 11).
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Figure 11. This figure shows the time from arrival at the hospital until reperfusion (door to balloon time).
There was no marked difference between the groups (p=0.12). Values are presented as mean =+ S.E.M.

Cold saline was given after randomization to the hypothermia arm 29 + 6 min before
reperfusion. An endovascular cooling catheter was then inserted and endovascular hy-
pothermia treatment was initiated 15 + 3 min before reperfusion. A core body tem-
perature of < 35°C was achieved in 10 + 7 min after onset of endovascular hypothermia
treatment. Temperature at reperfusion was 34.7 + 0.3°C (Figure 10). In one patient,
cold saline was administered but with no endovascular cooling due to technical prob-
lems. The volume of 4°C cold saline given was 1540 + 430 ml.

Clinical events

There were no significant differences between the groups with regard to clinical events
(Table 2). (Jag har satt in tabell 2 nedan, kan sjilvklart sittas var som helst i tex-
ten) Combination hypothermia was well tolerated in all patients, and no heart failure
was seen in the hypothermia group whereas three patients in the control group had
clinical signs of heart failure (p=0.21). NT-proBNP was analyzed on day 1 after the
infarct. There was no difference among the groups (hypothermia 1275 + 651 ng/l vs
control 1350 £ 930 ng/l, p=0.99 (Figure 12). Three patients in the hypothermia group
underwent antibiotic treatment due to infections while no infections were seen in the

normothermia group (p=0.21) The 30-day MACE-rate was 0% in both groups.

43



Table 2: This table shows the clinical event data for the patients. P = NS for all comparisons.
Data are presented as mean + SD.

Variable Hypothermia (n=9) Control (n=9)
30 day mortality 0 0
Re-infarction 0 0
CABG 0 0
30 day MACE 0 0
Heart failure 0 3
VT/VFE 0 2
Stroke 0 0
Infection 3 0
Hematoma 0 0
Bradycardia 0 0
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Figure 12. The NT-proBNP levels at day 1. There was no difference between the groups.

Effect of hypothermia on infarct size.

In pigs, myocardial infarct development is much faster than in humans.®® A for experi-
mentally induced infarction typical ischemia time of 40-45 min was thus chosen in or-
der to correct for the difference between species. In study I, combination hypothermia
was induced after 25min of a 40 min ischemia time. Active hypothermia treatment was
sustained for 30 min followed by passive warming. Combination hypothermia reduced
infarct size corrected for area at risk (IS/AAR) by 39% compared to normothermia (46
+ 8 % vs. 75 £ 5, p=0.048). When the same hypothermia protocol was applied at the

onset of reperfusion, no reduction in infarct size was seen (80 = 6 %)

44




90 80.4%

74.8%
80+ —1
70+
60 45.9%
50+ |
404
30-
20- n=7 ———
10+

Infarct size / Area at risk (%)

Pre-reperfusion Post-reperfusion Normothermia
hypothermia hypothermia

Figure 13. Pre-reperfusion hypothermia causes a 43% relative reduction in infarct size compared to post-
reperfusion hypothermia and by 39% compared to normothermia. Values are presented as mean + S.E.M.

It seemed as if hypothermia had to be initiated before reperfusion in order to have an
effect on infarct size, though the protective effects could also be have been attributed
to active hypothermia treatment during the last 10 min of ischemia time by means of
slowing infarct progression.

Since combination hypothermia achieved such a rapid reduction in core body tem-
perature in study I, the mechanism was further elucidated by introducing a study pro-
tocol where total ischemic time was prolonged by 5 min in the hypothermia group in
order to have time to induce hypothermia before reperfusion (study II). Combination
hypothermia, initiated during the last 5 min of a prolonged ischemia time reduced in-
farct size (IS/AAR) by 18 % compared to normothermic controls (615 % vs 744 %;
p=0.03) (Figure 14a). Thus, despite prolonged ischemic time, combination hypother-
mia could reduce infarct size, as long as core body temperature was <35°C at the time of
reperfusion. Cold saline alone failed to reduce infarct size compared to normothermic
control (73+4 % vs 744 %; p>0.05) (Figure 14b)

The temperature in the cold saline group was 35.2+0.3 © C at reperfusion and
36.3+0.1 © C at 25 min after onset of reperfusion. It seemed as if a low core body
temperature at reperfusion, but also after onset of reperfusion was important if a re-
duction in infarct size could be achieved. Prolonging active hypothermia treatment for
60 minutes past onset of reperfusion did however not confer any additional benefit
compared to 15 min past onset of reperfusion (IS/AAR: extended hypothermia (48+7
%), compared to shorter active hypothermia (46+8 %, p>0.05), (Figure 14c). Active
hypothermia treatment could thus be limited to 15 minutes past reperfusion.
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Figure 14. a) Combination hypothermia reduces infarct size by 18% despite longer duration of
ischemia. b) Cold saline alone does not reduce infarct size. ¢) Extended hypothermia does not

confer any additional benefit compared to shorter active hypothermia. Values are presented as
mean + S.E.M.
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In study IV, myocardium at risk measured by MRI using T2 weighted stir was 44 + 8 %
of left ventricular mass in the hypothermia group and 43 + 8 % in the normothermia
group, and did not differ among the groups (p=0.65) (Figure 15a). This indicates that
the groups were well matched. In one patient in each group, myocardium at risk meas-
urements were uninterpretable. Combination hypothermia caused a 38% reduction in
infarct size corrected for myocardium at risk (hypothermia 29.8 + 12.6 % vs control
48.0 £ 21.7 %, p=0.04) (Figure 15b). Infarct size uncorrected for myocardium at risk
displayed a trend towards a reduction in infarct size (hypothermia 13.7 + 6 % vs control
20.5 £ 10 %, p=0.08) (Figure 15c¢).
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Figure 15. Myocardium at risk and infarct size. a) Myocardium at risk as percentage of left ven-
tricular mass (%LVM), which showed no difference between the groups. b) Infarct size normal-
ized to myocardium at risk, which was significantly reduced in the hypothermia group. ¢) Infarct
size alone showed no statistically significant difference between the groups, although a trend for
reduction was seen in the hypothermia group.

Biochemical markers (study IV)

As part of the protocol to assess the effect of hypothermia on myocardial damage,
CKMB and Troponin T were sampled. Peak Troponin T was reduced by 43% in the hy-
pothermia group compared to the control group (3.9+2.5pg/l vs. 6.9+2.8pg/l, p=0.01)
(Figure 16a). Furthermore, the area under the curve (AUC) for Troponin T was re-
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duced by 41 % in the hypothermia group compared to control group (67.7+40.3 vs.
113.8+47.2, p=0.03) (Figure 16b). Peak CKMB, however, did not differ between the
groups even though a trend was observed (273+196pg/l vs. 343+153pg/l, hypothermia
vs. control, p=0.17) (Figure 16¢). Nor did the AUC for CKMB showed a significant
difference between the groups, even though similar trend was observed (hypothermia
3978+ 3083 vs control 5358 + 2544, p=0.15) (Figure 16d). Several patients in both
groups had a peak CKMB >500 pg/l which was the upper limit of detection in the
analysis. No patient reached the upper limit for Troponin T, which may explain the
disparity between the reduction in CKMB vs. Troponin T in the hypothermia group.
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Figure 16. Biochemical marker release. Both peak and cumulative release of Troponin T were significantly
reduced in the hypothermia group compared to the control group (a,b). Neither peak, nor cumulative
release of CKMB differed significantly between the two groups, even though an trend toward a reduction
in the hypothermic group was observed (c,d).

Effect of hypothermia on microvascular obstruction

CMR evaluation allowed the extent of microvascular obstruction to be quantified. In
study I, pre-reperfusion hypothermia obliterated microvascular obstruction, whereas
it was prevalent in the normothermia group (0% vs. 30.2+5%, p<0.001), (figure 17).
Post-reperfusion hypothermia reduced the extent of microvascular obstruction with
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66% compared to normothermia (10.3+5% vs 30.2+5%, p<0.05), (figure 17). Post-
reperfusion hypothermia caused a reduction in microvascular obstruction without any
concomitant reduction in infarct size.
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Figure 17. Pre-reperfusion hypothermia obliterates microvascular obstruction compared to normothermia.
Post-reperfusion hypothermia reduces the extent of microvascular obstruction compared to normother-
mia. Values are presented as mean + S.E.M.

In study II, MO was present in 7 out of 8 pigs in the normothermia group, whereas it
was present in only 1 of 8 pigs in the combination hypothermia group. Combination
hypothermia reduced the size of microvascular obstruction by 98% compared to nor-
mothermia (0.5£0.5 % vs 21.5£5.2 %), p<0.001) (figure 18a). Cold saline alone re-
duced the size of MO by 74% compared to normothermia (5.5£2.5 % vs 21.5+5.2
%), p<0.005) (Figure 18b). Thus, both in the post-reperfusion hypothermia group
(study I), and in the cold saline group (study II), hypothermia reduced microvascular
obstruction without affecting infarct size. This suggests separate mechanisms for infarct
development and microvascular obstruction. In the extended hypothermia group, mi-
crovascular obstruction was present in 1 out of 8 pigs (0.2+0.2 %). Extended hypother-
mia reduced microvascular obstruction compared to normothermia (p<0.01) and was
similar to shorter active hypothermia (0 %), p>0.05, (Figure 18c).
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Figure 18. Microvascular obstruction (MO) as a percentage of infarct size (%IS). a) Combination hypo-
thermia significantly reduced MO. b) Cold saline significantly reduced MO, although to a lesser extent
compared to combination hypothermia. ¢) Different duration of hypothermia did not have an impact on
the reduction of MO. Data are expressed as mean + SEM.
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In study IV, MO occurred in 4/9 patients in the hypothermia group and 5/9 patients in
the control group. The size of microvascular obstruction was 0.8+1.5% vs. 1.9+3.4%,
hypothermia vs. control, p=0.24, and did not differ between the groups. The extent of
microvascular obstruction was lower in the control group in study IV compared to in

study I and II.

Effect of hypothermia in cardiogenic shock

Using an endovascular cooling catheter, the effects of hypothermia in cardiogenic shock
was studied (study I). A total of 25 pigs were studied. Five pigs died during ischemia
before randomization due to intractable ventricular fibrillation or pulseless electrical ac-
tivity despite repeated resuscitation attempts and where excluded from the study. Four
pigs were excluded due to failure to meet the criterion for cardiogenic shock (< 90 mm
Hg during at least 15 minutes). The occurrence of ventricular tachycardia/fibrillation
during ischemia and at the onset of reperfusion was recorded. VI/VF occurred in 4/8
pigs in the hypothermia group and in 5/8 pigs in the normothermia group.

Survival

From the time of reperfusion until the end of experiment, 5/8 pigs in the normother-
mia group died while none of the pigs in the hypothermic group died (p<0.01). (Figure
19) The pigs in the normothermia group died at a mean time of 1h 53 + 38 minutes
after onset of reperfusion. All pigs died due to progressive circulatory failure, no pigs
included in the study died due to arrhythmias.
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Figure 19. Kaplan-Meier curve displaying the outcome among the groups. Approximately 150 min after
onset of reperfusion, 5/8 pigs in the normothermia group had died due to circulatory failure while none of
the pigs in the hypothermia group died during the experiment (p<0.01).
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Hemodynamic measurements

Outcome of hemodynamic and blood gas variables are shown in table 3. Heart rate
and mean arterial pressure were continuously recorded. Furthermore, using a Swan-
Ganz-catheter, recordings of hemodynamic parameters were performed. Hypothermia
resulted in an increase in mean arterial pressure and stroke volume in the hypother-
mia group compared to normothermia (Figure 20a-b). Heart rate in the hypothermia
group was lower and with less variability compared to normothermia (Figure 20c).
Cardiac output did not differ among the groups (Figure 20d). Furthermore, central ve-
nous pressure and pulmonary capillary wedge pressure did not differ among the groups
(Figure 20e-f). Systemic vascular resistance was higher in the hypothermia group,
whereas mean pulmonary artery pressure and pulmonary vascular resistance did not

differ among the groups (Figure 20g-i).

Table 3. Hemodynamic and blood gas variables Data are presented as mean + SD.

Variable Hypothermia (n=8) Normothermia (n=8) P-value
MAP (mmHg) 78 £9 61 +4 p <0.01
Stroke volume (ml) 22.5+3.5 16.6 £ 4.0 ml p <0.01
Heart rate (bpm) 89+9 119 +28 p=0.01
Cardiac output (I/min) 2.0+0.2 1.8 + 0.4 I/min p=0.13
CVP (mmHg) 10£6 125 p=0.19
PCWP (mmHg) 13+6 18+6 p=0.10
MPAP (mmHg) 26 +5 28 +4 p=0.29
SVR (WU) 37+9 28 + 8 p=0.03
PVR (WU) 6.9+14 6.9+22 p=0.50
SvO, (%) 30+ 10 16+9 p <0.01
Arterial pH 7.49 + 0.04 7.36 +0.09 p < 0.001
Arterial pO, (kPa) 22.0 + 4.1 18.1 5.1 p=0.07
Arterial pCO, (kPa) 4.9+0.3 6.1+1.9 p=0.04
Arterial BE (mmol/I) 5.1+1.6 -1.0+4.9 p =0.002
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Figure 20. The dotted line illustrates the time of randomization. Please note that in the normothermia
group, only three pigs survived beyond 190 min. Mean values in the normothermia group beyond this
time point should be interpreted with caution. a) Mean arterial pressure was significantly higher in the hy-
pothermia group (p<0.01). b) Stroke volume was significantly higher in the hypothermia group (p<0.001).
) Heart rate was significantly lower with less variability in the hypothermia group (p=0.01). d) Cardiac
output did not differ among the groups (p=0.13). ¢) Central venous pressure did not differ among the
groups (p=0.19). f) Pulmonary capillary wedge pressure did not differ among the groups (p=0.10). g)
Mean pulmonary artery pressure did not differ among the groups (p=0.29). h) Systemic vascular resistance
was significantly higher in the hypothermia group (p<0.05). i) Pulmonary vascular resistance did not differ
among the groups (p=0.50). Data are expressed as mean + S.E.M.

Blood gas measurements

Arterial blood-gas samples and mixed venous saturation were recorded every 30 min-
utes. Mixed venous saturation was higher in the hypothermia group indicating lower
peripheral oxygen consumption (Figure 21a). Arterial pH was significantly higher in
the hypothermia groug (Figure 21b). PO, did not differ between the groups (Figure
21c¢). Furthermore, pCO, was lower in the hypothermia group (Figure 21d). PCO,
often became deranged in the normothermic pigs prior to death due to circulatory
failure affecting gas exchange in the lungs. This is reflected in the large variations in
pCO, seen. Finally, base excess was negative and significantly lower in the normother-
mia group indicating less development of metabolic acidosis in the hypothermia group
(Figure 21e).
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Figure 21. The dotted line illustrates the time of randomization. Please note that in the normothermia
group, only three pigs survived beyond 190 min. Mean values in the normothermia group beyond this
time point should be interpreted with caution. a) Mixed venous saturation was significantly higher in the
hypothermia group indicating lower metabolic demand in peripheral tissue (p<0.01). b) Arterial pH was
significantly lower, indicating no development of metabolic acidosis in the hypothermia group (p<0.001).
¢) PO2 did not differ among the groups (p=0.06) d) PCO2 was significantly lower in the hypothermia
group indicating less oxygen demand (p=0.04). e) Base excess was significantly lower in the normothermia
group indicating development of metabolic acidosis due to the cardiogenic shock (p<0.01). Data are ex-
pressed as mean + S.E.M.
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10 Main findings

II.

I11.

Iv.

VI

VIL

VIIIL

IX.

Combination hypothermia (an infusion of cold saline and endovascular cooling
catheter) causes a rapid induction of hypothermia, achieving a core body tem-
perature of <35°C in < 5 min.

Combination hypothermia induced before reperfusion reduces infarct size and
microvascular obstruction.

Combination hypothermia induced before reperfusion during prolonged
ischemic time reduces infarct size and microvascular obstruction indicating an

effect on reperfusion injury per se.

Combination hypothermia induced at the onset of reperfusion reduces microv-
ascular obstruction but not infarct size.

An infusion of cold saline alone before reperfusion has a rapid rebound in tem-
perature and reduces microvascular obstruction but not infarct size.

Prolonging active hypothermia treatment beyond 15 min post-reperfusion does
not confer any additional benefit.

Combination hypothermia is safe and feasible in patients with acute myocardial
infarction.

Combination hypothermia reduces infarct size by 38% in patients with acute
myocardial infarction.

Hypothermia improves survival, improves hemodynamic parameters and reduc-
es acidosis in cardiogenic shock.
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11 Discussion

Efficacy of combination hypothermia in reaching and
maintaining hypothermia

Two clinical trials (COOL-MI and ICE-IT) investigating therapeutic hypothermia in
patients with acute myocardial infarction failed to reduce infarct size.** Furthermore,
post hoc analysis of the data from the clinical trials indicated that only a minority of the
patients were cooled to a temperature <35°C before onset of reperfusion, and in that
subgroup of patients, a significant reduction in infarct size was demonstrated. The indi-
cation from an experimental study and the clinical trials was that it took approximately
45 min to cool subjects below 35°C.** By combining two different cooling methods
(an infusion of cold saline together with an endovascular cooling catheter), we aimed to
achieve a more rapid induction of hypothermia than with endovascular cooling alone.
Indeed, in study I, core body temperature was reduced from 38°C to <35°C in 5-10
min. In study II, the infusion rate of cold saline was further increased, and a reduction
in temperature to <35°C was now achieved in 5 min. Cold saline alone could rapidly
reduce core body temperature, but was not able to sustain hypothermia. A rebound in
temperature was seen as soon as the infusion of cold saline was discontinued.

In order for hypothermia to be induced and maintained properly, shivering needs
to be maintained. The animals in the experimental studies were sedated using fentanyl
and thiopental together with N,O. Shivering was further maintained using intermit-
tent bolus doses of thiopental. In study IV, the combination hypothermia protocol was
to be investigated in awake patients with acute myocardial infarction. Awake patients
are more prone to shiver when subject to hypothermia. If no anti-shivering drug would
be administered, then the efficiency of the hypothermia method would be diminished
due to heat generation from shivering. Meperidine and buspirone were chosen to sup-
press shivering since they act synergistically without causing additive respiratory depres-
sion.””. The same anti-shivering protocol was utilised in the clinical trials with a high
tolerability to hypothermia treatment.* #’ In study IV, hypothermia was well tolerated,
and treatment was not discontinued in any patients due to shivering. The combination
hypothermia protocol reduced core body temperature to <35°C in all patients without
significantly delaying reperfusion therapy. The cold saline infusion caused a rapid in-
duction of hypothermia synergistically with the endovascular cooling catheter.
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Safety of hypothermia

Endovascular cooling alone has previously been proven to be safe and well tolerated
in patients with acute myocardial infarction.* #:7° By introducing an infusion of cold
saline as part of the hypothermia regimen there is a theoretical risk of fluid overloading
and pulmonary oedema. In study IV, no increase in acute heart failure in the hypother-
mia group was seen. Furthermore, the groups had similar NT-proBNDP values at day
one indicating that the administration of cold saline did not adversely affect left ven-
tricular load the day after intervention. Finally, the clinical event rate was low and did
not differ between the groups. Three patients in the hypothermia group were treated
with antibiotics due to infections. However, the difference to the control group was not
statistically significant. In the HACA-trial, investigating hypothermia in comatose sur-
vivors after cardiac arrest, a non-significant trend towards an increase in septicaemia and
pneumonia was seen.”! This trend was not seen in another large hypothermia trial, nor
in a hypothermia registry.”>”? Whether the short duration of hypothermia treatment in
awake patients carries an increased risk of infections remains to be established.

Effect of hypothermia on infarct size

The scientific foundation for performing the clinical trials (COOL-MI and ICE-IT)
at the time was animal data indicating that hypothermia reduced infarct size.** % 7%
> However, in these studies, hypothermia was induced and maintained during a sub-
stantial portion of the ischemic period, limiting clinical applicability. Furthermore, the
analysis from the negative clinical trials indicated that only in the subgroup of patients
that were cooled before reperfusion, a reduction in infarct size was seen. Thus, based
on these results, we aimed to investigate whether hypothermia needed to be induced
during ischemia, or could be initiated after onset of reperfusion (study I). We found
a reduction in infarct size in the pre-reperfusion hypothermia group, but not in the
post-reperfusion hypothermia group. We thus confirmed the results by Maeng and
co-workers that inducing hypothermia after the onset of reperfusion using a coronary
perfusion catheter did not reduce infarct size. In study I, hypothermia was induced
after 25 min of 40 min of ischemia time. Since the efficiency of the combination hy-
pothermia protocol achieved such a rapid reduction in infarct size, we then aimed to
investigate whether the protective properties of hypothermia were attributed to a reduc-
tion in myocardial injury during ischemia or due to attenuation of reperfusion induced
myocardial injury. In the protocol for study II, reperfusion was delayed by 5 min in
the combination hypothermia group in order to induce hypothermia. A reduction in
infarct size of 18% was seen despite prolonged ischemia. The results confirmed the
existence of lethal reperfusion injury, and that hypothermia could attenuate the effects
of the process. We also speculated whether cold saline alone would affect infarct size.
Possibly, this could have been a poor man’s way of inducing hypothermia. However,
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cold saline alone did not reduce infarct size in this setting. Finally, extending active
hypothermia treatment beyond 15 min past reperfusion did not confer any additional
benefit. These findings could be important for the design of new clinical hypothermia
trials. The previous studies used 3 or 6 hours post-reperfusion hypothermia.*®* During
hypothermia treatment, the patient is mildly sedated and immobilized. Prolonged im-
mobilization could potentially lead to complications such as infections, thrombosis or
bleeding. Since there was no benefit of prolonging the post-reperfusion time from 15 to
60 min, it would probably be possible to limit the duration of active post-reperfusion
hypothermia time to 1 h (instead of 3-6 h) in a future clinical trial. This would simplify
the protocol, would be more comfortable for the patient, and could possibly reduce
complications.

In study IV, a 38% significant reduction in infarct size normalized to myocardium
at risk was seen in patients with acute myocardial infarction who were treated with hy-
pothermia. There was a clear trend, although statistically not significant for a reduction
in infarct size alone (uncorrected for myocardium at risk). This reflects the importance
and strength of being able to assess infarct size in relation to myocardium at risk in
order to reduce interindividual variability in infarct size. By using CMR for assessment
of myocardium at risk, the sample size in a future clinical trial could thus be reduced.
CMR assessment of myocardium at risk is a novel method which only recently has been
validated.®

The observed reduction in infarct size measured by CMR was further supported by
the reduction in Troponin T release. A European multi-centre clinical trial (CHILL-
MI) is planned to verify the treatment effect observed in the pilot study (study IV).

Effect of hypothermia on microvascular obstruction

Microvascular obstruction (MO) is the area within the infarct with impaired micro-
vascular reperfusion. The occurrence and extent of MO is correlated to the extent of
the myocardial infarction.’® The cellular alterations associated with microvascular ob-
struction consist of swollen endothelium with intraluminal protrusions, tightly packed
erythrocytes and increased neutrophil adherence.”® 77 These ultrastructural changes
within the infarcted myocardium makes it more difficult to re-establish coronary flow
to the myocytes. MO has also shown to be associated with a worse clinical long term
outcome independently of infarct size.*” “>7® A reduction in microvascular obstruc-
tion could therefore hypothetically be beneficial. Hale and co-workers have previously
demonstrated that hypothermia during ischemia reduced microvascular obstruction in
a rabbit model.” In study I, pre-reperfusion hypothermia caused a reduction in micro-
vascular obstruction to a greater extent that a reduction in infarct size. Furthermore,
post-reperfusion hypothermia caused a marked reduction in microvascular obstruction
without any associated reduction in infarct size. In study II, cold saline hypothermia
failed to reduce infarct size, but a significant reduction in microvascular obstruction
was observed. The experimental data suggests disparate mechanisms behind infarct size
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development and MO. Furthermore, it links MO to the injury incurred upon the mi-
crovasculature during reperfusion. In study IV, no significant reduction in microvascu-
lar obstruction was seen. There could be several potential reasons for the difference in
reduction in infarct size and MO when comparing the experimental studies to the clini-
cal trial. Hypothetically, a species based difference in the development of MO between
man and pig could explain the observed difference. Secondly, the control animals in the
experimental studies had a larger uncorrected infarct size (31% of left ventricular mass)
compared to the control patients 21% of left ventricular mass). Since the extent of MO
is correlated with the extent of the infarct size, the smaller infarct size in the control
group in the clinical study could explain the difference in the results. Whether hypo-
thermia will reduce the extent of MO in patients with AMI and the clinical relevance of
the potential finding needs to be investigated further in the planned multi-centre trial.

Effect on hypothermia on infarct appearance

In study I, in the pre-reperfusion hypothermia group, a patchy appearance of the myo-
cardial infarcts in the animals was observed. In the post-reperfusion hypothermia and
normothermia groups, the infarcts were more homogeneous in appearance. (Figure 22)
In study II, some of the infarcts in the combination hypothermia group displayed the
same phenomenon, although to a lesser extent compared to extended hypothermia, or
to pre-reperfusion hypothermia (study I). In study IV, three of the patients in the hypo-
thermia group displayed a similar patchy appearance as seen in the experimental stud-
ies. (Figure 23) Dae and co-workers described scattered islands of reduced Sestamibi
uptake in pig hearts when assessing infarct size with SPECT in pigs subject to endovas-
cular hypothermia.® It may be the same phenomenon, although described by two dif-
ferent imaging modalities. The infarct appearance differs from the classical wave-front
pattern in infarct progression previously described by Reimer and Jennings.'® The long
term significance of the observed patchy infarct pattern is not known.
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Pre-reperfusion hypothermia
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Figure 22. This figure illustrates the visual comparison between typical examples of region of infarction
from ex vivo MRI from the respective groups. White lines denote the slice position of the two ex vivo MRI
slices in relation to each other. Note the patchy pattern of the myocardial infarction in the MRI image
from the pre-reperfusion hypothermia group. In the MRI images from the post-reperfusion hypothermia
group and most notably, the normothermia group, hypointense zones of microvascular obstruction are
seen within the area of infarction.

Myocardium at risk Infarct size (late
(T2-STIR) gadolinium enhancement)

B

Figure 23. Two patients with infarction due to acute occlusion of the left anterior descending artery. In the
first column from the left, midventricular T2-STIR short-axis images are shown, where the epicardium is
delineated in green, the endocardium in red and the ischemic myocardium in yellow. In the second col-
umn from the left, corresponding midventricular LGE short-axis images are shown, where the epicardium
is delineated in green, the endocardium in red and the infarcted myocardium in pink within the hyper-
enhanced region (yellow). The third and fourth column show LGE long-axis images in the two-chamber
view and four-chamber view, respectively. A) A control patient with 152 min between symptom onset and
primary PCI performed at normothermia. This patient had a myocardium at risk (MaR) of 49 % of the
left ventricle and an infarct size of 34 % of the left ventricle, resulting in 70 % infarct size normalized to
MaR. B) A patient with 164 min between symptom onset and primary PCI, undertaken after induction
of hypothermia. This patient had a MaR of 56 % and an infarct size of 18 %, resulting in 32 % infarct
size normalized to MaR. Note the patchy appearance of the infarction in B (arrows) compared to the solid
transmural infarction in A (arrowheads).
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Effects of hypothermia in cardiogenic shock

In study III, the effects of hypothermia in experimentally induced cardiogenic shock
were investigated. In order to exclude any possible positive effects on infarct size, hy-
pothermia was induced after onset of reperfusion. Furthermore, the infusion of cold
saline was excluded in order to exclude differences in volume loading as a potential
bias between the groups. Hypothermia resulted in a stabilization of the circulation,
prevention of acidosis, and outcome was improved. Previous experimental studies have
demonstrated that mild hypothermia increases myocardial contractility in excised heart
preparations as well as in the in situ heart. >>®7 The observed positive inotropic effects
were not associated with a corresponding increase in myocardial oxygen consumption.
5657 The hemodynamic effects in the cardiogenic shock study was similar to the effects
observed in other experimental studies without cardiogenic shock (unchanged cardiac
output, lowered heart rate, an increase in stroke volume, mean arterial pressure, and in
systemic vascular resistance). A notable effect of hypothermia was the observed 85%
increase in mixed venous saturation (SvO,). SvO, is a marker of peripheral oxygen con-
sumption. The finding also correlates with the lower pH and base excess seen in the nor-
mothermia group. Despite similar cardiac output, no metabolic acidosis was seen in the
hypothermia group. One explanation of the observed results could be that hypothermia
lowered the peripheral oxygen demand which in turn resulted in less tissue hypoxia and
prevention of development of metabolic acidosis. This may also explain the significant
difference in acute mortality between the two groups. Furthermore, there was a trend
towards increased pO,, while pCO, was significantly lower in the hypothermia group.
When hypothermia was induced, in order to keep pCO, within normal levels, ventila-
tion had to be systematically reduced by approximately 30-40% reflecting the decrease
in metabolism and oxygen demand. No randomized trials evaluating hypothermia in
cardiogenic shock have been performed, but two small observational non-randomized
studies investigating hypothermia and cardiogenic shock in postoperative patients have
been performed.’® > They found that hypothermia resulted in stabilization of circula-
tion with an unchanged or increased cardiac output, an increase in mixed venous O,
saturation and urine output. The pathogenesis of cardiogenic shock is an imbalance be-
tween a diminished cardiac output and unchanged peripheral oxygen tissue consump-
tion resulting in tissue hypoxia with subsequent metabolic acidosis. While hypothermia
does have a mild inotropic effect without an increase in cardiac oxygen consumption,
the major benefit seems to be in the lowered peripheral oxygen demand and prevention
of metabolic acidosis.

Conclusions

This thesis provides novel insight in the protective properties of hypothermia in acute
myocardial infarction and in cardiogenic shock. We have demonstrated the importance
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of using a combination of a cold saline infusion and an endovascular cooling catheter
in achieving a rapid induction of hypothermia. Furthermore, we have found that hy-
pothermia has to be initiated before onset of reperfusion in order to reduce infarct size.
We also found that it is safe and feasible to induce hypothermia in awake patients with
an acute myocardial infarction without delaying reperfusion, and that hypothermia
treatment reduces infarct size by 38%. The results indicate a potential role of hypo-
thermia as an adjunctive therapy in patients with acute myocardial infarction. Finally,
hypothermia reduces acute mortality, improves hemodynamic parameters, and reduces
metabolic acidosis in cardiogenic shock.
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12 Populirvetenskaplig
sammanfattning
(Summary in Swedish)

Hjirtinfarke och dess komplikationer 4r den frimsta orsaken till d6d i vistvirlden. Vid
en akut hjirtinfarke stings blodf6rsérjningen till en del av hjirtat av pga en blodpropp
i ett av hjirtats kranskirl. Den delen av hjirtat som forsérjdes av det nu stingda krans-
kirlet drabbas da av brist pd syre och niringsimnen och riskerar att skadas. Skadans
storlek pa hjirtat beror pd hur linge stoppet i kranskirlet varar och hur stor del av
hjdrtat som det stingda kranskirlet forsérjde med blod. Modern hjirtinfarktbehand-
ling syftar till att 6ppna kranskirlet s fort som mojligt med ballongvidgning (PCI). Ju
storre skada en hjirtinfarkt orsakar pa hjirtat, desto storre dr ocksa risken att utveckla
hjirtsviket och for déd. Ibland 4r hjdrtinfarkten sd stor att hjirtat inte orkar pumpa runt
blodet i kroppen. Da gér kroppen in i ett akut chocktillstind (kardiogen chock) och ca
hilften av alla patienter avlider trots behandling.

Mainga kinner till att médnniskor som drunknat i iskallt vatten kan dterupplivas igen.
Kylan ifrin vattnet har skyddat kroppen och hjirnan mot den syrebrist som uppkom-
mer vid drunkning. Idag anvinds kontrollerad kylbehandling for att skydda hjirnan
hos patienter som verlevt hjirtstopp. De patienterna kyls d& ned till 33°C under 24h
tid for att skydda hjirnan mot den syrebrist som uppkom da hjirtat stannade. Flera ex-
perimentella djurstudier har visat att 4ven skadan p4 hjirtat i samband med hjirtinfarke
kan minska om man kyler ner hjirtat och/eller hela kroppen. Tvé kliniska studier pé
patienter med akut hjirtinfarkt dir man kylde ner kroppen med en slang i ett blodkirl
via ljumsken har utférts. I de studierna kunde man dock inte se nigon minskad hjirt-
skada vid kylbehandlingen. Vid ytterligare analys fann man dock att de patienter som
hann kylas ned till <35°C innan kranskirlet 6ppnades hade effekt av kylbehandlingen.
Ett stort problem i studierna var dock att det tog lang tid att kyla ned patienterna och
att fordroja behandling med ballongvidgning skulle ocksé 6ka skadan pa hjirtat.

Overgripande syften med denna avhandling var att studera om kylbehandling skyd-
dar hjirtat vid akut hjirtinfarke och dess effekter vid kardiogen chock.

I arbete I testade vi i en djurmodell om det var viktigt att pdborja kylbehandling
fore eller efter att det stingda kranskirlet 6ppnats. Dessutom prévade vi att kombinera
tvd olika kylbehandlingsmetoder for att kunna kyla kroppen snabbare. Vi fann att kyl-
behandling som pabérjas efter att kirlet 6ppnats inte hade nigon effekt pa skadan pa
hjirtat. Kylbehandling innan kirlet 6ppnats minskade dock skadan pa hjirtat med 39
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% mitt med MR-kamera. Vi fann ocksd att kombinationen av ett snabbt dropp av kall
vitska tillsammans med kylbehandling via slang i kirl i ljumsken var ett mycket snabbt
sdtt att fi ned kroppstemperaturen.

I arbete II studerade vi om kylbehandling kunde minska den skada som uppkom-
mer pa hjirtat man 6ppnar upp blodkirlet (reperfusionsskada). Vi fann att skadan pa
hjirtat minskade med 18% mitt med MR-kamera. Vi fann 4ven att kylbehandling med
kall koksalt i sig inte minskade skadan pa hjirtat. Dessutom sdg vi att det rickte med att
kylbehandla under kort tid efter att kirlet ppnats.

I arbete III studerade vi effekterna av kylbehandling vid kardiogen chock. Vi fann
att kylbehandling forbittrade dverlevnaden vid kardiogen chock. Vi kunde dven se att
kylbehandlingen hade positiva effekter p& blodtryck, hjirtats pumpkraft och minskade
kroppens behov av syrgas.

I arbete IV som var en klinisk studie testade vi om de positiva effekter pa hjirtat
som vi sett i arbete I och II dven kunde minska skadan pd hjirtat hos patienter med
akut hjirtinfarkt. Dessutom testades sikerheten och effektiviteten pd att kombinera
tva kylbehandlingar. Tio patienter med akut hjirtinfarke som skulle genomga akut bal-
longvidgning fick kylbehandling som tilligg till standardbehandling. De patienterna
jimfordes i studien med tio patienter som fick standardbehandling. Vi sig att kylbe-
handlingen inte gav nigra komplikationer och lyckades pa ett effektivt sitt snabbt fa
ned kroppstemperaturen trots att patienterna var vakna under hela behandlingen. Vi
fann dven att skadan p hjirtat minskade med 38 % till f6ljd av kylbehandlingen.

Sammanfattningsvis visar avhandlingen nir kylbehandling maste initieras for att fa
effeke, att kombinationen av tvé olika kylmetoder ger en snabb sinkning av kroppstem-
peraturen samt att det pa ett sikert och effektivt sitt gir att applicera detta pé patienter
med minskad skada pa hjirtat som f6ljd. Vi visar dessutom att kylbehandling kan ha
positiva effekter vid kardiogen chock. Den minskning av hjirtskadan som vi sig kan
om resultaten bekriftas i en storre studie ge stora méjligheter att minska f6ljdverkning-
arna vid denna svéra sjukdom.
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