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Objective: COOL AMI EU pilot was a multi-center, randomized controlled trial to assess feasibility and safety of
rapid intravascular therapeutic hypothermia (TH) in conscious patients with anterior ST-elevation myocardial
infarction (STEMI) undergoing primary PCI (PPCI). We report the effect of hypothermia uponmicrovascular ob-
struction (MVO).
Methods: Conscious patients with anterior STEMI and symptom duration b6 h were recruited and randomized to
PPCI+THor PPCI alone. THwas induced using the ZOLL®Proteus™ intravascular temperaturemanagement sys-
tem and rapid infusion of 1 L of cold normal saline, with a target temperature of 32 °C. MVO was measured by
cardiac magnetic resonance (CMR) at 4 to 6 days post-MI. MVO larger than 3.9% of LV was considered as exten-
sive MVO.
Results: 50 patientswere randomized;mean agewas 58 years, and 86%weremen. At reperfusion,mean intravas-
cular temperature for the TH group was 33.6 ± 1 °C. The presence of MVO was high and not different in both
groups (74% vs. 77%, p = 0.79). The proportion of patients with extensive MVO was 11% in the TH group and
23% in the control group (OR 0.4 95%CI 0.07–2.35, p = 0.30). Patients with extensive MVO showed reduced EF
at 4–6 days (34% versus 43%, p = 0.01). The percentage of patients with EF b35% at 30 days was 6% in the TH
group versus 24% in the control group (p = 0.19).
Conclusion: In the COOL-AMI Pilot Trial, the presence of MVO in both test groups was high and extensive MVO
was relatedwith reduced LVEF. The efficacy of therapeutic hypothermia (TH) inMVO reduction should be tested
in a pivotal trial.

© 2018 Published by Elsevier Inc.
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1. Introduction

Vessel recanalization by primary percutaneous coronary interven-
tion (PPCI) is the standard of care for patients presenting with ST seg-
ment elevation myocardial infarction (STEMI) [1,2]. Culprit vessel
patency is achieved in N90%of the cases [3], but optimalmyocardial per-
fusion is reached only in around half of them [4]. This is due tomultifac-
torial injury of the coronary microcirculation, a phenomenon often
ble).
described asmicrovascular obstruction (MVO) [5]. Thepresence and ex-
tent of MVO after PPCI in STEMI is strongly associated with mortality
and hospitalization for heart failure [6,7]. Methods to reduce MVO fre-
quency and burden are required to improve STEMI outcomes.

Therapeutic hypothermia (TH) as amethod targeting reperfusion in-
jury has consistently reduced infarct size in myocardial infarction ani-
mal models [8]. However, clinical trials in humans have failed to
translate its theoretical benefit into clinical outcomes [9–11]. These
studies have been limited by slow induction of hypothermia, inade-
quate temperature reduction at the time of reperfusion and universal
patient inclusion independently ofmyocardialmass supplied by the cul-
prit artery. A recent patient-level pooled analysis of six randomized

http://crossmark.crossref.org/dialog/?doi=10.1016/j.carrev.2018.09.014&domain=pdf
https://doi.org/10.1016/j.carrev.2018.09.014
Thomas.keeble@btuh.nhs.uk
https://doi.org/10.1016/j.carrev.2018.09.014
http://www.sciencedirect.com/science/journal/15538389


800 T.R. Keeble et al. / Cardiovascular Revascularization Medicine 20 (2019) 799–804
trials of intravascular cooling as an adjunctive therapy to PPCI in STEMI,
showed a significant reduction in infarct size in patients with anterior
STEMI who were cooled to b35 °C at the time of reperfusion [12].

The COOL AMI EU Pilot Trial was a multi-center, randomized con-
trolled pilot trial using intravascular TH during PPCI. The primary objec-
tive of the study was to investigate the feasibility and safety of more
rapid and profound cooling than in previous trials and gather informa-
tion for sample size calculations for a large pivotal trial. The study
showed that patients could be rapidly and safely cooled down to 33.6
°C at the time of reperfusion. The study was not powered to demon-
strate reduction in infarct size, but a numerical non-statistically signifi-
cant 7.1% absolute and 30% relative reduction in infarct size was
observed in the hypothermia arm compared to the control arm [13].

In the current analysis, we report the effect of hypothermia onMVO
assessed by cardiac MR (CMR) at day 4–6 post STEMI.

2. Methods

Between May 2016 and February 2017, conscious patients present-
ing with anterior STEMI, less than six hours of symptom onset were re-
cruited across 16 centres in 8 European countries. Patients with
haemodynamic compromise or signs of pulmonary congestion (Killip
II and above) were excluded. Other exclusion criteria included: resusci-
tated cardiac arrest, previous acute myocardial infarction, PCI or coro-
nary artery bypass grafting, atrial fibrillation, end-stage kidney disease
or hepatic failure, recent stroke, coagulopathy and pregnancy. Patients
were randomized either to PPCI and endovascular cooling with the
Proteus™ Intravascular Temperature Management System (ZOLL®
Medical Corporation, Chelmsford, MA, USA, Fig. 1) or PPCI alone in 1
to 1 fashion. The study protocol was approved by the local/national
Fig. 1. ZOLL® Proteus™ Intravascular Temp
ethics committees and all patients gave written informed consent
prior to inclusion in the study.

2.1. Hypothermia and anti-shiver protocol

Patients assigned to the hypothermia arm were initially adminis-
tered 60 mg of oral buspirone and pethidine as an intravenous loading
dose of 1 mg/kg (maximum 100mg) or 0.5 mg/kg if the patient had al-
ready received morphine. After 15min, an additional dose of 0.5 mg/kg
was given and continued as an infusion at 25mg/h (up to 80 kg patient)
or 35 mg/h (N80 kg patient) for the duration of the cooling period.
When on the catheterization table, patients were placed on a Bair
Hugger™ (3M, Maplewood, MN, USA) for skin counter warming.
Cooling was initiated with a rapid infusion of up to 1 L of cold saline
(4 °C) using pressure bags, followed by the ZOLL®Proteus™ Intravascu-
lar Temperature Management System. The cooling catheter was
inserted via the femoral vein into the inferior vena cava with the tip po-
sitioned at the level of the diaphragm. The Proteus temperature probe
(X-Probe™; ZOLL®) was put through the catheter lumen to the right
atrium for continuous measurement of core temperature. The console
temperature was set to 32.0 °C and cooling at maximum power started.
Following placement and activation of the cooling catheter, arterial
puncture was performed for coronary angiography/PPCI. An interval of
18 min of endovascular cooling from catheter activation to coronary
guidewire passing across the acute occlusion was advised. Cooling was
maintained for three hours, followed by active rewarming at the rate
of 1.0 °C/h to reach 36.0 °C. The catheter was then removed. During
the whole period of cooling, patients were monitored and haemody-
namic parameters and respiratory rate were documented. Shivering
was continuously assessed by the bedside. In case of occurrence further
erature Management (IVTM) System.



Table 1
Clinical, angiographic and peri-procedural characteristics.

Control Hypothermia p

(n = 25) (n = 25)

Mean age, years 61 ± 13 56 ± 12 0.19
Male gender 20 (80%) 23 (92%) 0.42
Diabetes 4 (16%) 3 (12%) 1.00
Hypertension 19 (76%) 13 (52%) 0.08
Dyslipidemia 8 (32%) 10 (40%) 0.56
Current smoker 14 (56%) 14 (56%) 1.00
Mean body mass index, kg/m2 26.5 ± 3.6 27.9 ± 3.8 0.19
Symptoms to 1st device, minutes 209 ± 69 267 ± 73 0.01
Randomization to 1st device (min) 42 ± 23 59 ± 19 0.01
Initial IRA TIMI 0/1 21 (88%) 23 (92%) 0.67
Multivessel coronary disease 3 (12%) 1 (4%) 0.61
Thrombus aspiration 8 (32%) 12 (48%) 0.25
Stenting of IRA 25 (100%) 23 (92%) 0.49
Final IRA TIMI 3 23 (92%) 21 (88%) 0.67
Acetylsalicylic acid 25 (100%) 25 (100%) 1.00
Heparin 25 (100%) 25 (100%) 1.00
Prasugrel/Ticagrelor 21 (84%) 19 (76%) 0.72
GP llb/llla 12 (48%) 11 (44%) 0.78

Data are presented as ≫Intention to treat≪.
Legend: IRA = infarct related artery; GP llb/llla = glycoprotein llb/llla inhibitor.
Bold values indicates significance at p b 0.05.
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doses of pethidine were given as boluses or the infusion rate was in-
creased. If shivering persisted, the target temperature at the Proteus
system was raised stepwise by 0.5 °C until shivering ceased.

2.2. Primary PCI

Coronary angiography and percutaneous coronary intervention
were performed in a standard fashion according to international guide-
lines and local practice. All patients received aspirin and P2Y12 inhibi-
tors. Anticoagulation during the procedure was achieved with
unfractionated heparin. The use of aspiration thrombectomy or GP IIb
IIIa inhibitors was at the discretion of the treating physician.

2.3. Cardiac magnetic resonance imaging

Patients underwent cardiacmagnetic resonance imaging (CMR) 4 to
6 days post the initial presentation and at 30 days followup. All CMRex-
aminations were performed on 1.5 T scanners from Philips (Philips
Healthcare, Best, The Netherlands), Siemens (Siemens AG, Erlangen,
Germany), or General Electrics (GE Healthcare, Waukesha, WI, USA).
After initial scout images, 0.2 mmol/kg of body weight of a
gadolinium-based contrast agent was administered. For evaluation of
left ventricular (LV) function, early contrast-enhanced steady-state
free precession (CE-SSFP) cine images were obtained approximately
five minutes after contrast injection (slice thickness 8 mm with no
slice gap, temporal resolution 20 to 30 frames per cardiac cycle). For vi-
sualisation of MVO, inversion-recovery gradient-recalled echo se-
quences, with or without phase-sensitive reconstruction (PSIR) were
used (slice thickness 8 mm with no slice gap). Inversion time was ad-
justed to null the signal of viable myocardium and was typically 200–
300 ms. Cine and LGE images were acquired in the short-axis and the
three standard long-axis views. LV ejection fraction (EF%) was mea-
sured from cine images and MVO was quantified from LGE images
using the EWA algorithm [14] with manual adjustments when needed
and expressed as a percentage of LVmass (%LV). AnMVO volume larger
than 3.9% of LV mass has been shown to independently predict worse
clinical outcomes [15], thus we assessed the proportion of patients
with extensive MVO (N3.9%) between the two groups. Analyses of
CMR images were performed by an independent core lab (Imacor AB,
Lund, Sweden) using post-processing software (Segment v2.1; http://
segment.heiberg.se) [16].

2.4. Statistical analysis

Continuous variables were compared with t-test or Wilcoxon rank
sum test; categorical variables were compared with Fisher's exact test
or chi-square test as appropriate. Presence of MVO is defined as MVO
N0% and extensive MVO is defined as N3.9%. Logistic regression with
profile-likelihood confidence interval was performed for extensive
MVO to calculate odds ratio. All statistical analyses were conducted in
SAS 9.2 (NC, USA).

3. Results

273 patients with anterior STEMI were screened against the inclu-
sion/exclusion criteria and 50 patients with first anterior STEMI were
recruited and randomized to hypothermia (n = 25) or control (n =
25). 22 patients in the TH and 23 in the control group had CMR at day
4–6 and completed follow up at 30 days. Baseline demographics, risk
factors, presentation and procedural characteristics are shown in
Table 1. Mean age was 56 ± 12 in the hypothermia group and 61 ±
13 in the control, (p = 0.19) and the majority of participants were
men (92% and 80% respectively, p = 0.42). Risk factors and procedural
characteristics were comparable between the two groups. The use of
Prasugrel/Ticagrelor and Gp IIb/IIIa receptor antagonists was equal in
both groups. Symptom onset to device time was 267 ± 73 min for the
TH group and 209±69min in the control group (p=0.01). This differ-
ence wasmainly driven by a delay from symptoms onset to randomiza-
tion in the TH arm (213 ± 73 min vs. 174 ± 82 min, p = 0.08). The
cooling-related time delay to reperfusion was 17 min (95% CI: 4.6–
29.8 min).

The safety data from the study have been previously published [13].
In summary there was no difference in death, target vessel
revascularisation, definite or probable stent thrombosis, ventricular fi-
brillation, sustained ventricular tachycardia, bradycardia, cardiogenic
shock, pulmonary oedema, pneumonia or deep vein thrombosis at
30 days between the two groups. There was a trend for self-
terminating paroxysmal atrial fibrillation in the hypothermia group [2
cases (8%) vs. 8 cases (32%), p = 0.07].

3.1. Microvascular obstruction

Thepresence ofMVO assessed day 4–6 by CMRwas high andnot dif-
ferent in the two groups (74% in the TH arm and 81% in the control
group, p = 0.483). Intention to treat analysis showed a mean MVO as
% of LVwas 2.1± 2.6 and 2.5± 3.5 in theHT and control groups respec-
tively (p=0.96). Per protocol analysis of meanMVO % in the TH group
was 1.6 ± 1.8% versus 2.6 ± 3.5% in the control group (p = 0.56) (Fig.
2). The proportion of per-protocol patients with extensive MVO was
11% in the TH group and 23% in the control group (p = 0.30) (Fig. 3).
Fig. 4 demonstrates case examples of modestMVO (2.7%) and extensive
MVO (13.1%).

3.2. Left ventricular ejection fraction

Patients with extensive MVO (N3.9%) showed reduced LV EF at 4–
6 days (34% vs. 43%, p = 0.01) and 30 days (36% vs. 49%, p = 0.01).
The percentage of patients with EF b35% at 30 days was 6% in the TH
group compared with 24% in the control group (p = 0.19). (Fig. 5).

4. Discussion

In the COOL AMI EU pilot study, conscious patients with anterior
STEMI were cooled safely to 33.6 °C prior to coronary guidewire cross-
ing, using the ZOLL®Proteus™ Intravascular TemperatureManagement
System and up to 1 L of concomitant infusion of cold saline. Such a re-
duction in core temperature, achieved within approximately 20 min

http://segment.heiberg.se
http://segment.heiberg.se


Fig. 2.MVO as measured by cMR at 4–6 days. Shown as both an intention to treat analysis (A) and per protocol analysis (B).
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from endovascular catheter activation is at least 1.1 °C lower than in
previous cooling trials [13].

Regarding the effect of THonmicrovascular functionour study showed:

- The presence of MVOwas high and similar among the study arms.
- The incidence of extensiveMVO in the THgroupwas 11% vs. 24% in
the control, but this numerical difference was not statistically sig-
nificant.

- Patients with extensive MVO had significantly worse LVEF at 4–6
and at 30 days.
Fig. 3. a) Presence of MVO in both control and hypothermia groups. b) Extent of MVO -
percentage of patients with MVO N 3.9% of LV in both control and hypothermia groups.
In patients presentingwith STEMI, primary PCI achieves rapid recan-
alization and reperfusion of the occluded epicardial coronary artery.
However, in a significant number of cases myocardial tissue perfusion
will not be restored. This phenomenon of no myocardial flow is due to
severe microvascular dysfunction and/or loss of microvasculature
integrity and is often described as microvascular obstruction (MVO).
The pathophysiology of MVO is complex involving four interacting
mechanisms: ischaemia-related injury, reperfusion-related injury,
distal embolization, and individual susceptibility of themicrocirculation
to injury [17]. AlthoughMVO can be assessed by coronary angiography,
ST-segment resolution on electrocardiography and myocardial contrast
echocardiography; cardiac MRI is the most accurate test for MVO
diagnosis and quantification. On contrast-enhanced cardiac MRI, MVO
is signified by the lack of gadolinium enhancement within the hyper-
enhanced infarcted area [6,18]. The presence and extent of MVO has
important clinical implications. In a recent analysis of patient data
from 7 randomized control trials (n = 1688), MVO assessed within
7 days after reperfusion by CMR using late gadolinium enhancement
imaging was strongly associated with mortality and hospitalization for
heart failure within 1year [7]. There was a graded response between
the extent of MVO and clinical outcomes as every 1% absolute increase
in MVO extent was independently associated with a 14% relative
increase in 1-year all-cause mortality and an 8% increase in 1-year
heart failure hospitalization [7]. In this regard, MVO is an important
therapeutic target in the management of ST segment elevation
myocardial infarction.

Hypothermia influences a number of mechanisms during ischemia
(i.e. reduces metabolism, preserves ATP, stabilizes mitochondrial mem-
brane, inhibits reactive oxygen species production) and during reperfu-
sion (i.e. decreases microvascular injury, induces heat shock proteins,
activates Akt and nitric oxide production, inhibits apoptosis, inhibits in-
flammation) [19]. Experimental studies on animal models have shown
that hypothermia improves the no-reflow phenomenon/MVO. A study
of topical cooling of rabbit hearts, initiated at 20 min into a 30-min cor-
onary artery occlusion reduced the no-reflow defect to a greater extent
than would be expected by the reduction in myocardial necrosis alone
[20]. Gotberg et al. [21] showed that instituting hypothermia just at re-
perfusion reduced MVO in pig hearts as measured with ex vivo MRI, al-
though infarct sizewas not reduced. A further study of topical cooling of
rabbit heart, showed that hypothermia reduced no-reflow even when
applied after reperfusion, an effect not seen with infarct size [22]. A
more recent study on a rat ischemia/reperfusion model showed similar
results, as delayed hypothermia after reperfusion protected against the
no-reflowphenomenon independently of infarct size [23]. These studies



Fig. 4.MVO case examples. Late gadolinium CMR images from two patients with reperfusedmyocardial infarction andmicrovascular obstruction (MVO). Left panels shows a patientwith
2.7% MVO and right panels show a patient with 13.1% MVO. Bottom panels show delineations of epicardium (green), endocardium (red), extent of infarction (yellow), core of infarction
(pink), MVO extent (red solid line) and MVO core (red dashed line).

803T.R. Keeble et al. / Cardiovascular Revascularization Medicine 20 (2019) 799–804
suggest that the microvasculature may be particularly responsive to
protection by hypothermia. Contrary to what happens with infarct
size, hypothermia reduces the extent of MVO even when applied after
reperfusion. The only previous clinical study where the effect of
Fig. 5. shows themedian ejection fraction of all patients divided into those with N3.9% LVMVO,
at both 4–6 and 30 days.
hypothermia on MVO was reported showed similar results between
the hypothermia and control groups: 0.24% (IQR: 0% to 9.35%) versus
0.12% (IQR: 0% to 5.25%) [11]. However, this study was not powered
to show an effect on MVO.
and b3.9% LVMVO at both 4–6 and 30 days. MVO N3.9% LV leads to a significantlyworse EF
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In the COOL AMI EU pilot study, the incidence of MVO was high in
both study groups (74% in the TH and 81% in the control group vs. 57%
in the study by de Waha et al.). An important contributor to that was
the fact that only anterior STEMIs were included in our study. It has
been shown that anterior infarct location is an important determinant
of the extent of MVO [7]. The binary MVO occurrence was similar be-
tween the two study groups, but the incidence of extensive MVO was
numerically lower in the hypothermia group. That was despite the
fact that the hypothermia group had 28% longer ischaemic time
(+58 min). Ischaemic time is another known determinant of MVO [7].
Similarly towhat has been shown in animalmodels, it can be speculated
that if the ischaemic time were similar between groups, the beneficial
effect of THwould likely be even greater. In the present study extensive
MVO was associated with worse LVEF both at 4–6 and 30 days. It has
been shown before that the absence of MVO post STEMI is an indepen-
dent predictor of improved left ventricular ejection fraction over time
[24,25]. Given the important clinical consequences of MVO, therapies
that specifically target no-reflow/MVO should be developed and their
long-term results tested in clinical trials [26].

4.1. Limitations

The main limitation of this study was the small number of patients.
Accordingly, the study was a pilot study not powered to demonstrate
possible reductions in MVO by hypothermia. Based on the results of
the study, a pivotal trial of 500 patients has been designed and powered
to demonstrate an infarct size reduction by therapeutic hypothermia
(COOL-AMI EU Pivotal Trial, NCT03173313). The pivotal trial is powered
to detect an absolute infarct size reduction of ≥3.5%.

5. Conclusion

In the COOL-AMI pilot Trial, the incidence of MVO was high in both
treatment arms and extensive MVO was associated with worse LVEF.
MVO post STEMI is an important therapeutic target and the effects of
therapeutic hypothermia upon it should be tested in a pivotal trial
powered for efficacy.
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