Hypothermia in patients with acute myocardial infarction:
a meta-analysis of randomized trials
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Abstract

Background In patients with acute myocardial infarction (MI) receiving percutaneous coronary intervention (PCI), the
role of systemic therapeutic hypothermia remains controversial. We sought to investigate the role of systemic therapeutic
hypothermia versus standard of care in patients with acute MI treated with PCI.

Methods This is a study-level meta-analysis of randomized trials. The primary outcome was all-cause death. The main
secondary outcome was infarct size. Other secondary outcomes were recurrent MI, ischemia-driven target vessel revascu-
larization (TVR), major adverse cardiovascular events, and bleeding.

Results A total of 1012 patients with acute MI receiving a PCI in nine trials (503 randomly assigned to hypothermia and
509 to control) were available for the quantitative synthesis. The weighted median follow-up was 30 days. As compared to
controls, patients assigned to hypothermia had similar risk of all-cause death (risk ratio, [95% confidence intervals], 1.25
[0.80; 1.95], p=0.32), with a trend toward higher risk of ischemia-driven TVR (3.55 [0.80; 15.87], p =0.09) mostly due to
acute or subacute stent thrombosis. Although in the overall cohort, infarct size was comparable between groups (standardized
mean difference [95% Confidence intervals], 0.06 [—0.92; 1.04], p=0.92), patients effectively achieving the protocol-defined
target temperature in the hypothermia group had smaller infarct size as compared to controls (p for interaction=0.016).
Treatment strategies did not differ with respect to the other outcomes.

Conclusions As compared to standard of care, systemic therapeutic hypothermia in acute MI patients treated with PCI pro-
vided similar mortality with a signal toward more frequent repeat revascularization. Among patients assigned to hypothermia,
those effectively achieving the protocol-defined target temperature displayed smaller infarct size.

Trial Registration PROSPERO, CRD42019138754.
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Introduction

Percutaneous coronary intervention (PCI) represents the
therapy of choice for reperfusion of patients with ST-seg-
ment elevation myocardial infarction (MI) [1, 2]. However,
even after timely restoration of blood flow at epicardial level,
a substantial proportion of MI patients develop extensive
myocardial necrosis [3]. The ischemic process represents
one of the most important determinants of myocardial dam-
age in the infarct-related area, being modulated by means
of several protective modalities including pharmacological
agents, pre- or post-conditioning, and hypothermia [4].

The rationale for hypothermia in patients with acute MI
lies on the reduction of energy consumption at cardiac level,
which, in turn, has been consistently associated with reduced
myocardial infarct size in several animal studies [5]. How-
ever, a number of randomized trials, comparing different
strategies for systemic therapeutic hypothermia adjunctive
to PCI versus standard of care in patients with acute MI,
failed to translate these experimental findings in consist-
ent beneficial effects in humans; indeed, while some trials
demonstrated the clinical benefit of hypothermia at least in
certain subgroups of patients [6], other trials suggested harm
[7]. In this regard, the role of systemic therapeutic hypother-
mia in this setting remains to be defined.

To gain more insight into this topic, we performed a
meta-analysis of randomized trials investigating the effect
of systemic therapeutic hypothermia in patients with acute
MI receiving PCIL.

Methods
Search strategy and selection criteria

Details are provided in Supplementary Table 1.

Data collection and assessment of risk of bias

Two investigators (BA and SC) independently assessed pub-
lications for eligibility at title and/or abstract level and diver-
gences were resolved by consensus. Studies that met inclu-
sion criteria were selected for further analysis. The same
two investigators independently evaluated the risk of bias for
each study in accordance with The Cochrane Collaboration
method [8]. We did not use scores to evaluate the quality
of included trials [9]. This is a meta-analysis of aggregate
data: it was not appropriate or possible to involve patients
or the public in the design, or conduct, or reporting, or dis-
semination plans of our research and no ethical approval
was required. This study was performed in accordance with

85

the Preferred Reporting Items for Systematic reviews and
Meta-Analyses (PRISMA) statement [10] and is registered
with PROSPERO, number CRD42019138754.

Outcomes

The primary outcome of the current study was all-cause
death. The secondary outcome was infarct size as meas-
ured by cardiac imaging. Other outcomes were recurrent
MI, ischemia-driven target vessel revascularization (TVR),
major adverse cardiovascular events (MACE), and bleeding.
All outcomes were evaluated according to the intention-to-
treat principle and were collected at the maximum follow-up
duration in accordance with the definitions provided in the
individual-trial protocols.

Statistical analysis

The means of continuous variables and the frequencies
or percentages of categorical variables were extracted for
exploratory purposes from baseline features of participants
enrolled in each included study. Risk ratio (RR) with 95%
confidence intervals [95% CI] and Hedges’ g bias corrected
standardized mean difference (SMD) were used as summary
statistics to compare outcomes of interest in patients with
acute MI treated with PCI and assigned to either systemic
therapeutic hypothermia (hypothermia group) or standard of
care (control group). The risk estimates were pooled using
the Mantel-Haenszel or inverse variance methods for the
random-effect model, and p values < 0.05 were considered
statistically significant. The weighted median follow-up
duration was calculated based on the sample size of each
individual study. Treatment effect was not assessed in trials
in which no events were reported within groups. Hetero-
geneity between trials was quantified using the I* statistic;
values approaching 25%, 50%, and 75% were suggested to
indicate low, moderate, or high heterogeneity, respectively
[11]. In addition, we calculated the between-study variance
with the Paule-Mandel or DerSimonian—Laird estimator for
72, as appropriate, and provided the 95% prediction interval
of each pooled estimate [12]. The possibility of small-study
effects resulting from publication bias or other biases was
examined for the main outcomes by means of visual inspec-
tion of funnel plots of the RR or SMD of individual trials
against their standard errors and by a test of asymmetry. We
performed three sensitivity analyses for the main outcomes:

i) A Chi-square test for treatment-by-subgroup interaction
assessed whether the predominant inclusion of patients
with anterior acute MI (> 50% of available cohort) or the
administration of new P2Y 12 inhibitors (either prasugrel
or ticagrelor in > 50% of available cohort), a per protocol
target temperature <33 °C, the pre-hospital initiation of



86

hypothermia, the design (multicentre versus single-cen-
tre), and the publication status (full-length manuscript
versus meeting presentation) of each included trial were
associated with significant changes in the pooled esti-
mates;

ii) An influence analysis assessed the changes in the direc-
tion of the summary estimates computed omitting one
study at a time

iii) A random-effects meta-regression analysis assessed the
modification of treatment effect according to age, pro-
portion of females, and diabetics, door-to-balloon time,
and actual body temperature achieved at reperfusion in
the investigational arm, proportion of patients achieving
the protocol-defined target temperature, and hypother-
mia duration.

All analyses were performed in R (version 3.3.2; R Foun-
dation for Statistical Computing, Vienna, Austria).

Results

The electronic search identified nine trials, seven with full-
length articles [6, 7, 13—17] and two with meeting presenta-
tions [18, 19]. A total of 1012 patients with acute MI receiv-
ing a PCI were randomly assigned to either hypothermia
(n=503) or control (n =509, Supplementary Fig. 1).

The main characteristics of included trials and the defi-
nitions used for the outcomes of interest are described in
Supplementary Table 2. All trials but three [6, 16, 17] had
a multicentre design. Eight trials enrolled patients with ST-
elevation MI and excluded those with cardiogenic shock.
One trial (accounting for 4% of the entire cohort available
for the current report) enrolled patients with cardiogenic
shock and acute MI, regardless of the presence of signifi-
cant ST elevation at baseline ECG [16]. One trial included
only patients with anterior ST-elevation MI [15]. In all tri-
als, patients presenting with acute MI underwent emergency
PCI and received peri-procedural antithrombotic therapies
according to standard practice at enrolling centers. Patients
assigned to hypothermia started the investigational treatment
immediately before reperfusion. In one trial, hypothermia
was started before hospital arrival by means of body surface
cooling pads [17]. In all trials, hypothermia was achieved by
means of percutaneous catheters inserted through the femo-
ral vein [6, 13—19] or peritoneum [7]. Five trials reported
specific protocols for continuous infusion of cold fluids to
speed-up the lowering of core body temperature [6, 7, 14,
15, 17]. The amount of fluids to be administered ranged
between 600 and 2000 mL or between 2000 and 4000 mL,
depending on the infusion route (either intravenous or peri-
toneal, respectively). After reperfusion, hypothermia was
continued for a period of time ranging between 1 and 24 h.

A detailed description of pharmacological protocols for
shivering prophylaxis was available in all but two trials [16,
19], and consisted mostly of oral buspirone (30-60 mg) and
intravenous infusion of meperidine (1 mg/kg loading, fol-
lowed by 20-35 mg/h titrated to effect). In three trials [7, 14,
15], the primary endpoint was the feasibility of hypothermia
before reperfusion in MI patients receiving PCI. In four tri-
als, the primary endpoints consisted of measures derived
from cardiac magnetic resonance imaging (MRI) [6, 7, 14,
15, 17] or single-positron emission computed tomography
(SPECT) [18, 19]: cardiac MRI was performed between 2
and 6 days and between 30 and 45 days (as per protocol
requirements), whilst SPECT was performed 30 days after
PCI. Details of acquisition protocols were available for all
cardiac imaging studies. The remaining trials focused on
clinical [13] or hemodynamic [16] measures of efficacy. The
evaluation of risk of bias and overall quality of included tri-
als are reported in Supplementary Table 3.

The main characteristics of patients included in the
original trials are listed in Table 1. Participants were in the
majority male, with a median age of 58.0 years [interquartile
range, (IQR) 57.0-59.5 years], and about 17% were diabet-
ics. Nearly half of patients presented with acute anterior MI.
New P2Y 12 inhibitors were administered in less than 40%
of patients and a similar proportion of participants received
a peri-procedural infusion of glycoprotein IIb/IIla inhibitors.
Interestingly, the proportion of patients treated with coronary
stenting increased from 84 to 100% from earlier to contem-
porary trials. The median door-to-balloon time was longer in
the investigational as compared to the control arm (60.5 min,
IQR [50.5-95.0] versus 48.0 min, IQR [41.0-92.5], respec-
tively). A proportion of participants between 76% and 100%
achieved the protocol-defined target core body temperature.
The core body temperature measured at the time of reperfu-
sion was 34.4 °C, IQR [34.0-34.7]. The hypothermia was
continued for a median of 3 h after reperfusion.

Outcomes

A total of 1010 patients (99.8%) were available for evalua-
tion of at least one outcome of interest. Of these, 502 were
assigned to hypothermia and 508 patients were assigned to
control therapy. The weighted median follow-up was 30 days
(range 3045 days).

Main outcomes (Fig. 1 a, b)

All-cause death was assessed in all patients. Patients
assigned to hypothermia versus control showed comparable
risk of all-cause death (5.9% versus 4.7%; RR 1.25 [0.80;
1.95], p=0.32; P= 0%). The 95% prediction interval for this
outcome contained the null [0.70; 2.24], without evidence
of heterogeneity.
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Fig.1 Forest plots for primary and main secondary outcomes with
systemic therapeutic hypothermia versus control. Risk ratio for all-
cause death (a) and standardized mean difference for infarct size (b)

Infarct size was measured in 934 patients (92.4% of the
entire cohort with available clinical data). Patients assigned
to hypothermia versus control showed comparable infarct
size (range: 5.8-40.5% versus 13.5-46.6% of the left ven-
tricle; SMD =0.06 [—0.92, 1.04], p=0.92; I=98%). The
95% prediction interval for this outcome contained the null
[—3.54; 3.65], with evidence of high heterogeneity. Of inter-
est, the risk estimate for infarct size was independent from
the type of imaging used (cardiac MRI versus SPECT; p for
interaction [p;, ]=0.39).

Other outcomes (Supplementary Fig. 2 A-D)

Recurrent MI was assessed in 970 patients (96.0% of
the entire cohort with available clinical data). Patients
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with systemic therapeutic hypothermia versus control. The diamonds
indicate the point estimate and the left and the right ends of the lines
the [95% Confidence intervals]

assigned to hypothermia versus control showed compara-
ble risk of recurrent MI (1.2% versus 0.8%; RR 1.31 [0.40;
4.30], p=0.66; I’ =0%).

Ischemia-driven TVR was assessed in 744 patients
(73.6% of the entire cohort with available clinical data).
Patients assigned to hypothermia versus control showed a
trend toward higher risk for ischemia-driven TVR (2.4%
versus 0.2%; RR 3.55 [0.80; 15.87], p=0.09; 12:0%).
Of note, there was only one ischemia-driven TVR event
reported in the control group [17], and more than half
of ischemia-driven TVR in the hypothermia group were
due to acute or subacute stent thrombosis (ST). In this
regard, by omitting the Strategic Target Temperature Man-
agement in Myocardial Infarction (STATIM) trial [17],
hypothermia associated with a significantly higher risk of
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ischemia-driven TVR (RR 6.71 [1.23; 36.6], p=0.028;
F=0%).

MACE was assessed in 701 patients (69.4% of the entire
cohort with available clinical data). Patients assigned to
hypothermia versus control showed comparable risk of
MACE (5.7% versus 3.7%; RR 1.44 [0.61; 3.38], p=0.40;
F=1%).

Bleeding was assessed in 425 patients (42.0% of the
entire cohort with available clinical data). Patients assigned
to hypothermia versus control showed comparable risk of
bleeding (7.1% versus 4.3%; RR 1.46 [0.79; 2.70], p=0.22;
I’=0%). The 95% prediction interval for all these out-
comes contained the null, without evidence of significant
heterogeneity.

Sensitivity analyses for main outcomes

In the influence analysis, no single study significantly altered
the direction of the summary estimates for all-cause death
and infarct size (Supplementary Fig. 3 A, B). We found no
evidence for small-study effects (Supplementary Fig. 4 A, B).

There was no evidence of treatment-by-subgroup inter-
action regarding all-cause death and infarct size and the
proportion of patients with anterior acute MI (p;,=0.42
and 0.53, respectively), receiving new P2Y 12 inhibitors
(Pin=0.41 and 0.34, respectively), per protocol target tem-
perature <33 °C (p;,,=0.41 and 0.83, respectively), pre-hos-
pital initiation of hypothermia (p;,,=0.51 and 0.78, respec-
tively), trial design (p;,,=0.62 and 0.48, respectively), and
publication status (p;,,=0.27 and 0.13, respectively).

The meta-regression analysis showed that the higher the
proportion of patients achieving the protocol-defined target
temperature, the lower the infarct size in the hypothermia
group (p;,=0.016, Supplementary Table 4).

Discussion

This is the most comprehensive meta-analysis of study-level
data investigating MI patients treated with PCI and ran-
domly allocated to either systemic therapeutic hypothermia
or standard of care. The main findings of this study can be
summarized as follows:

i) Hypothermia is associated with similar mortality with
a signal toward more frequent repeat revascularization,
mainly due to ST, as compared to control therapy;

ii) There is a significant temperature-by-infarct size inter-
action demonstrating a reduced infarct size in patients
achieving the protocol-defined target temperature.

Notwithstanding the encouraging preclinical data
[20, 21], randomized trials investigating the outcomes

of hypothermia in patients with acute MI receiving PCI
have been largely inconclusive. Indeed, although hypo-
thermia has proven to be feasible and safe in this clini-
cal setting, its clinical benefit has yet to be demonstrated
[22]. The current analysis does not support a clinical dif-
ference between patients with acute MI treated with PCI
assigned to hypothermia versus those who did not. On
one hand, the comparable risk of death, M1, and bleeding
observed between treatment groups is reassuring and high-
lights once more that hypothermia could be implemented
during acute MI with neither clinically relevant delay in
reperfusion nor major adverse outcomes. On the other
hand, despite the fact that we pooled the largest cohort of
patients from randomized-controlled trials dealing with
the study research question [22, 23], individuals at high-
risk for adverse outcomes, such as those with previous
MI or presenting with acute heart failure or hemodynamic
impairment, were poorly represented in primary trials and
this cohort. Of note, roughly 44% of deaths observed in
this meta-analysis occurred among participants of the Ran-
domized Pilot Study of Mild Hypothermia in Cardiogenic
Shock Complicating Myocardial Infarction (SHOCK-
COOL) trial [16], which enrolled patients with cardiogenic
shock complicating acute MI.

Infarct size, as measured with cardiac imaging, represents
a valuable prognostic marker in clinical trials designed to
test the efficacy of reperfusion therapies for acute MI [24].
In the present analysis, infarct size was not reduced in the
overall cohort of MI patients receiving hypothermia before
PCI. However, patients in the hypothermia group effectively
achieving the protocol-defined target temperature showed a
significant reduction of infarct size, without effect modifi-
cation depending on duration of hypothermia. Despite the
intrinsic limitations of subgroup analyses, this result is rel-
evant for a couple of reason. Animal models of acute MI
showed that hypothermia could significantly reduce infarct
size during the ischemic rather than during the reperfusion
phase [25]. In line with these considerations, the myocardial
damage in patients with acute MI could be prevented by
effectively reducing the temperature in the infarct-related
area before reperfusion [26]. In this context, while the infu-
sion of cold fluids adjunctive to percutaneous cooling sys-
tems represents an important tool to speed-up the reduction
of core body temperature during the early MI phase, the
required volume overload may be detrimental in certain
patients presenting hemodynamic impairment. For this
reason, the possibility of faster and selective intracoronary
hypothermia in MI patients scheduled for emergency PCI
has recently attracted considerable interest and is subject
to investigation in a randomized-controlled clinical trial
(NCT03447834) [27].

Remarkably, as compared to control therapy, hypother-
mia was associated with numerically more frequent repeat



revascularizations. Five out of nine events occurring in
the hypothermia group were due to ST [7, 15]. This find-
ing requires an in-depth discussion. Preclinical evidence
has correlated hypothermia with increased platelet activa-
tion [28], and previous retrospective data in patients with
acute MI and cardiac arrest [29] or cardiogenic shock [30]
showed a clustering of ST in patients treated with hypo-
thermia. Although the signal toward higher risk of ST with
hypothermia might be mechanistically plausible, the base-
line critical illness rather than hypothermia per se might
have increased the risk of ST observed previously [31]. In
addition, being ST multifactorial in nature, the revasculari-
zation techniques (including suction devices and the type of
stents), and ancillary therapies of MI patients, which varied
considerably among included studies, might contribute to
the observed risk. Of interest, the majority of trials pooled
in our meta-analysis excluded patients with cardiac arrest
or cardiogenic shock. In addition, one-third of thrombotic
events were observed among patients treated with peritoneal
hypothermia [7]. Only one case of ST had increased platelet
activation at point-of-care testing [15]. Future trials should
specifically examine the possible causative association
between hypothermia, platelet aggregation, and subsequent
risk of ST in contemporary practice, addressing whether
there is a particular hazard with certain temperature man-
agement systems as compared to others.

Study limitations

A number of limitations should be taken into account when
interpreting the results of this study.

i) This is a study-level meta-analysis and an individual
patient data analysis would be preferable for at least
two reasons: first, to adequately investigate a poten-
tial benefit of hypothermia according to infarct loca-
tion and time to presentation after symptoms onset, as
previously reported [22, 23]; and, second, to assess a
treatment effect modification with hypothermia depend-
ent on clinical and procedural factors other than those
investigated in this meta-analysis.

ii) In the absence of double blinding, possible bias in the
adjudication of outcome events among treatment groups
cannot be ruled out.

iii) In the primary trials, patients were included over a time
span of 15 years. In this regard, the clinical, pharmaco-
logical, and interventional management of participants
varied considerably across the trials and their impact on
the analyzed outcomes remains to be addressed.

iv) The overwhelming majority of included trials had a fol-
low-up length of 30 days, which is insufficient to address
the long-term prognostic impact of hypothermia in this
setting.
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v) Although different temperature management systems
with variable cooling performance (average °C reduc-
tion/unit of time) were included in this analysis, their
comparative efficacy and safety was not investigated.

Conclusions

In patients with acute MI undergoing PCI, systemic thera-
peutic hypothermia did not reduce mortality compared with
the standard of care. Patients achieving the protocol-defined
target temperature showed reduced infarct size compared
with patients who did not achieve this target. The signal
toward more frequent repeat revascularization with hypo-
thermia and the potential cardio-protective role of local
rather than systemic hypothermia in this setting require fur-
ther investigation.
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