Hypothermia and percutaneous
coronary infervention during acute
myocardial infarction

Hypothermia has proven to be one of the most potent and consistent adjunctive therapies for infarct size
reduction in numerous preclinical studies, when administered prior to reperfusion. The mechanisms leading
to protection are multifactorial. Early clinical trials failed to demonstrate a decrease in infarct size, likely
due to the difficulty in achieving adequate cooling prior to reperfusion. Post-hoc analysis of these trials
demonstrated that patients with anterior myocardial infarction that were cooled to less than 35°C at the
time of percutaneous coronary intervention showed a significant reduction in infarct size. These results
were supported by a recent pilot study that showed a 38% reduction in infarct size in patients with anterior
or inferior myocardial infarction, where cooling to less than 35°C was achieved before reperfusion, without
significant delay in door-to-balloon time. Hypothermia remains a promising adjunctive therapy to
reperfusion for acute myocardial infarction. A major clinical trial is underway to confirm the preliminary

results.
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Successful reperfusion is the most definitive
treatment to date for reducing injury to the
heart following myocardial infarction (MI).
Reperfusion must be instituted in a timely man-
ner in order to salvage ischemic tissue. However,
studies have demonstrated that in spite of full
restoration of distal coronary perfusion in over
90% of patients treated with percutaneous coro-
nary intervention (PCI), a substantial number of
patients fail to re-establish microvascular flow at
the tissue level (low or no reflow) [1-3]. Patients
with reduced microvascular perfusion following
successful PCI have larger infarcts, a higher inci-
dence of malignant arrhythmia, more congestive
heart failure and greater mortality [1-3]. Large
infarcts still occur in many patients that receive
state-of-the-art reperfusion therapy. There
remains a clinical need for adjunctive therapies
to reduce infarct size following PCI. Numerous
studies have shown that mild hypothermia (32—
35°C) may be an effective adjunctive therapy
that can be applied during reperfusion therapy
for acute MI (AMI) [4,5]. This article will review
some of the evidence for mild hypothermia car-
dioprotection in preclinical studies and relate
the findings to recent clinical trials designed to
show a reduction in infarct size.

Cell death in MI

Numerous studies have shown a pattern of
evolution of injury and cell death during
coronary occlusion where necrosis starts in
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the subendocardium and spreads towards the
subepicardium — the wavefront phenomenon
(6. This time course varies according to spe-
cies, with near maximal amounts of cell death
resulting from a duration of ischemia ranging
from 60-90 min in rabbits and pigs and up to
3—6 h in primates and humans [78]. Among
the major determinants of infarct size are: size
of the ischemic bed (the area at risk), presence
or absence of collateral blood flow, the dura-
tion of ischemia and temperature. In patients
with AMI, the size of the area at risk and the
presence or absence of collateral flow are not
modifiable at the time of presentation. This
leaves reduction in the duration of ischemia
with prompt reperfusion as the major strategy
for intervention. The possibility that tempera-
ture manipulation is adjunctive to reperfusion
holds great promise, as discussed below.

A cascade of events leads to cell death dur-
ing ischemia and reperfusion. Tissue damage
can result from necrosis, apoptosis and auto-
phagy (9. With the abrupt cessation of coro-
nary flow, there is a gradual depletion of energy
in the ischemic myocardium and cellular ATP
levels decline at a sustained rate. Opening of
the mitochondrial permeability transition pore
results in catastrophic depletion of cellular ATP
levels below the critical amounts needed for
membrane pumps to maintain jonic gradients,
the cell swells, membrane integrity is lost and
leakage of cellular contents to the extracellular
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space ensues via necrosis [9]. Consistent with the
initial onset of necrosis in the subendocardium,
cellular ATP levels decline more rapidly in the
subendocardium, prior to declines in the mid-
myocardial and subepicardial regions [10]. For
a more detailed discussion of the mechanisms
of cell death, the reader is referred to a recent
review [9].

The rates of ATP depletion are much slower
in human myocardium than that described
in dogs [11]. In patients, ATP decreased to
43% of its initial value after 2 h of coronary
occlusion. By contrast, in dogs, ATP dropped
to 6% of its normal value after only 40 min
of acute coronary occlusion. This difference
may be explained in part by better collateral
flow in humans with coronary artery disease,
as opposed to healthy experimental animals.
However, an innate cellular protection is sug-
gested in the hearts of higher species such as
primates, where the rate of cell death is slower,
in spite of negligible collateral flow [7.12]. The
time course of injury described experimentally
in animal studies showing the wavefront phe-
nomenon, has been demonstrated in humans.
Pooled analysis of infarct size data determined
by Tc-99m sestamibi myocardial SPECT per-
fusion imaging in several recent clinical trials
clearly shows that infarct size increases as the
duration of ischemia increases [13].

As opposed to necrosis, apoptosis is an
energy requiring process characterized by DNA
fragmentation and cellular disintegration, with
the breakdown of cells into multiple apoptotic
bodies that retain membrane integrity [14].
Early events in these two modes of cell death
are similar, and the signals bifurcate later, lead-
ing to either apoptosis or necrosis. The deter-
minate of outcome is likely related to the levels
of ATP depletion that occurs during ischemia.
Although the relative contribution of necrosis
to final infarct size is greater, apoptosis does
contribute significantly [15]. Execution of both
apoptotic and necrotic modes of cell death
depends upon many signaling events, such
as the generation of reactive oxygen species
(ROS), activation of stress kinases, release of
cytochrome ¢, induction of heat shock proteins,
and ultimately, depolarization of mitochondria
and opening of the mitochondrial permeabil-
ity transition pore [16]. The mitochondrion is
central to the fate of the ischemic myocyte.
Recent studies suggest that alteration in mito-
chondrial dynamics or clearance of mito-
chondria by autophagy play a role in myocyte
cell death [17]. Inflammatory processes occur
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after reperfusion and may also play a role in
subsequent cell death in myocytes and in the
microvasculature [18,19].

Mechanisms of injury occur both during the
ischemic period and following reperfusion. The
concept of ‘reperfusion injury’ has been debated
for many years and few studies have convinc-
ingly confirmed its existence. However, there
is general agreement that myocytes are condi-
tioned by ischemia for a deleterious response to
reperfusion [20]. The main support for reper-
fusion related injury comes from the institution
of therapies during the reperfusion period that
reduce infarct size. Of particular note are recent
studies whereby controlled rates of reperfusion
(postconditioning) resulted in decreased infarct
size in a number of species, including man [21.22].

The microvasculature seems particularly
prone to ongoing injury during reperfusion
and evidence of expansion of the no-reflow
zone during reperfusion has been reported
(23]. A consequence of expanded microvascular
injury after reperfusion, is continued ischemia
and ongoing myocyte cell death. Ficure 1 shows a
schematic that describes two hypothetical rates
of cell death during acute coronary occlusion:
a more rapid rate for ischemic cell death and
a slower rate for ischemia/reperfusion injury.
As shown in Ficure 14, if ischemic cell death is
the dominant or sole mechanism for eventual
necrosis, there is little practical opportunity
for an intervention that is timed just prior to
reperfusion to have a significant impact on inf-
arct size. As described by Stone ez al., the aver-
age time from symptom onset to reperfusion
by PCI is approximately 4 h [13]. Intervention
timed just prior to PCI could potentially arrest
cell death, but most of the damage will have
been done. The hypothesis that ischemic cell
death is the dominant or sole mechanism that
determines final infarct size is not likely, how-
ever. As discussed below, evidence is accumu-
lating indicating that therapies can protect a
significant amount of myocardium when initi-
ated prior to reperfusion. Thus, the pathway of
ischemia plus reperfusion injury, as shown in
Ficure 1B, is a more likely scenario, where ample
opportunity to reduce infarct size remains, if
effective therapy can be administered prior to
reperfusion.

Mechanisms of protection with
hypothermia

The following discussion pertains to the use
of mild hypothermia, as opposed to 4°C (deep
hypothermia) and cardioplegia. Hypothermia
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has been shown to have effects on many of the
mechanisms related to cell death discussed
above, including: ATP depletion, ROS gen-
eration, apoptosis and inflammation. The
mechanisms underlying cell protection with
hypothermia are likely to be multifactorial.
One consequence of hypothermia is a reduc-
tion in metabolic rate. Jones et 2/. showed in
the globally ischemic dog heart that decrements
in temperature from 40-28°C slowed the rate
of cellular ATP depletion [24]. As noted above,
ATP depletion during ischemia is fundamen-
tally linked to cellular necrosis. The preserva-
tion of cellular ATP likely delays the initiation
of irreversible biochemical cascades, thus pre-
serving cell viability for longer periods of time.
The clinical consequence may be an extension
of the treatment window for salvaging myo-
cardium. Hypothermia induces bradycardia,
however, experimental studies where the heart
rate was maintained at baseline levels still dem-
onstrated cardioprotection with hypothermia.
Thus, the effects are not likely related to
changes in hemodynamics.

The level of mitochondrial calcium and ROS
formation during continued ischemia determine
the degree of ischemia/reperfusion injury. The
role of ROS in effecting cardiac injury during
reperfusion following ischemia is well estab-
lished. Studies in intact myocardium show that
during ischemia, hypothermia has a direct effect
on mitochondria to preserve mitochondrial
energy balance, decrease ROS formation and
prevent Ca?* overload [2s].

Ning ez al. showed that hypothermia pro-
tected mitochondria and enhanced recovery of
function in isolated perfused rabbit hearts [26].
Heat shock protein, a cardioprotective agent,
was also induced by hypothermia. Thus, the
actions of hypothermia to preserve ATP are
likely to be more than just the inhibition of
metabolic rate and ATP consumption, but also
related to direct protective effects on mitochon-
drial structure and function. Recent studies in
a murine cardiomyocyte model of ischemia-
reperfusion inury showed that hypothermia
cardioprotection is mediated by enhanced Akt
phosphorylation and enhanced nitric oxide
generation, resulting in attenuation of ROS
generation and decreased cell death during
reperfusion [27]. In mice deficient in Ake, hypo-
thermia failed to confer cardioprotection [28].
Recent studies in isolated rabbit myocardium
showed that hypothermia conferred cardio-
protection via activation of ERK, a member of
the RISK family of protective kinases [29].
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Figure 1. Mechanisms of cell death. (A) Two hypothetical timelines of the rate
of cell death assuming a dominant mechanism of ischemic cell death versus a
dominant mechanism of ischemia-reperfusion injury. (B) The average time for
reperfusion is approximately 4 h. If a successful adjunctive therapy was applied at
30 min prior to reperfusion, the potential for enhanced myocardial salvage is
significantly different, depending on the most likely mechanism for cell death. As is
shown, if ischemia-reperfusion injury is the likely course of cell death, the potential
to decrease infarct size with an adjunctive therapy is much greater.

Further mechanisms of protection by hypo-
thermia relate to inhibition of apoptosis and
inflammation. Ning ez a/. showed that a rela-
tively mild degree of hypothermia modified
postischemic gene expression for several pro-
teins that contribute to the regulation of apop-
tosis in rabbit myocardium [30]. The expression
of the proapoptotic protein, bak, was inhibited
by hypothermia, while the the antiapoptotic
protein, Bclx, was accentuated. It is well estab-
lished that hypothermia inhibits the migration
and infiltration of inflammartory cells [31.32).
Inflammation and thrombosis are likely impor-
tant and synergistic mechanisms leading to
microcirculatory dysfunction in ischemic dis-
orders. It has long been appreciated that hypo-
thermia inhibits the coagulation cascade [33) and
inhibits platelet activation and aggregation [34].
The mechanisms of hypothermia protection are
summarized in the Box1.
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Ischemic phase protection

Reduces metabolism [24]

Preserves ATP [24]
Stabilizes mitochondrial membrane [26]
Inhibits reactive oxygen species production [25)

Reperfusion phase protection

Decreases microvascular injury [46]

Induces heat shock proteins [26]

Activates Akt and nitric oxide production [27,28]
Activates protective kinase ERK [29]

Inhibits apoptosis [30]
Inhibits inflammation [31,32]
Inhibits platelet aggregation [33,34]

Effects of hypothermia on

infarct size

B Hypothermia before ischemia

Mild hypothermia, or lowering of body tem-
perature, is a strategy that is used successfully
throughout nature to protect organisms dur-
ing periods of metabolic deprivation. When
exposed to hypoxia, rodents will actively seck
lower ambient temperatures in order to reduce
their core body temperature [35]. Cold secking
behavior and induced hypothermia is used as
a means to enhance survival in many species
(36]. The underlying principle is fundamental:
metabolism is reduced at lower temperatures,
thereby preserving precious energy, hopefully
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Figure 2. Infarct size normalized as a percentage of the risk zone is plotted
for the groups experiencing 30 min of regional ischemia. Open and closed

circles indicate individual experiments and group means, respectively. Note that the
protection observed depends both on the temperature and the duration of cooling.

*p < 0.01 versus control.

Reproduced with permission from [40].
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long enough for the return of more favorable
conditions for survival.

Hypothermia has been used for myocardial
protection during coronary artery bypass surgery
for decades. A number of experimental studies
have shown a reduction in myocardial infarct
size when hypothermia is induced during the
ischemic period either before or after coronary
occlusion. Dunker et a/. showed a linear relation-
ship between core body temperature and infarct
size in pigs made hypothermic prior to coronary
occlusion [37]. Reductions in infarct size by mild
hypothermia maintained throughout ischemia
were reported by Chien ez al. in rabbits (38], and
Hamamoto ez a/. in sheep [39]. Thus the findings
are not species specific. Of course, initiation of
hypothermia prior to development of ischemia
is not a practical option for therapy in patients
with ML

B Hypothermia during ischemia before
reperfusion

Numerous experimental studies have examined
the effects of hypothermia administered after the
onset of coronary artery occlusion on myocardial
infarct size [40-42]. Several themes have emerged
from preclinical studies concerning the depth
and duration of hypothermia needed to reduce
infarct size. In a study by Miki er al., rabbits
underwent 30 min of coronary artery occlusion,
and were divided into different groups (Ficure 2)
40]. In the hypothermia animals, cooling from
38-35°C was instituted at the onset of occlusion
(35/0), 10 min following occlusion (35/10), or
20 min following the onset of occlusion (35/20).
Significant reductions in infarct size occurred
with early onset, and 10-min onset occlusion,
but not in late onset cooling at 20 min of a
30-min ischemic period. Thus, at 35°C, cool-
ing over approximately two-thirds of the dura-
tion of ischemia was necessary for reduction of
infarct size. When myocardial temperature was
lowered to 32°C, starting 20 min after coronary
occlusion, a significant reduction in infarct size
occurred. At this lower temperature, a reduction
in infarct size occurred with cooling during the
latter one-third of the duration of the ischemic
period. Hale ez al. studied even later initiation
of cooling in a rabbit model, and found that
cooling to 32°C initiated at 25 min of a 30-min
occlusion period, did not significantly reduce
infarct size [41]. Cellular models with isolated
cardiomyocytes have provided further clues
to the timing of hypothermia induced cardio-
protection [43]. Hypothermia induced at the
onset of reperfusion in this cell model reduced
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cell death. However, when hypothermia was
delayed for 15 min after reperfusion, the protec-
tion was lost. The best protection occurred when
hypothermia was induced prior to reperfusion,
even at the expense of prolonging the duration
of ischemia. These 772 vitro results are consistent
with hypothermia protection against reperfusion
injury. A noteworthy feature of these preclini-
cal studies is that myocardial temperature was
lowered to target levels prior to reperfusion.
More recent animal studies have confirmed
that hypothermia started during ischemia, but
not during reperfusion, results in a decrease in
infarct size [44]. Gotberg et al. showed that late
onset cooling, 5 min prior to reperfusion in pigs,
resulted in a modest 18% reduction in infarct
size [45]. Hence, the ability for hypothermia to
protect against reperfusion injury, per se, is still
debated [46]. Overall, however, these studies sug-
gest that: earlier onset of cooling is better; for
delayed onset, a colder temperature is better; and
there may be a minimum duration of hypother-
mia required prior to the onset of reperfusion to
achieve a reduction in infarct size.

Prior studies have shown that injury to the
microvasculature (no reflow) progresses during
the reperfusion period [23]. Hale et al. recently
studied the effects of late onset cooling followed
by sustained hypothermia for 2 h after reper-
fusion on microvascular ‘no reflow’ in a rab-
bit model [47). In hypothermic hearts, regional
myocardial blood flow after 3 h of reperfusion
was significantly higher; relative reflow to the
previously ischemic region was significantly
higher; and infarct size was reduced. The
improvement in reflow was not due solely to a
reduction in necrosis. Their data showed that
for any given amount of necrosis, the extent of
no reflow was less with hypothermia treatment.
This was the first study to show a dissociation
between a reduction in necrosis and improved
reflow, and suggests that hypothermia during
reperfusion decreases microvascular reperfusion
injury. Reduced injury to the microvasculature
may improve healing postinfarction, reduce
remodeling of the heart after MI, as well as
provide a conduit for delivery of regenerative
substances such as stem cells. Other potential
benefits of hypothermia include improvement
in postischemic contractile dysfunction and
hemodynamics [48,49].

Clinical trials of hypothermia

during MI

Two major clinical trials investigated hypo-
thermia using endovascular cooling catheters
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(COOL-MI and ICE-IT) as adjunctive ther-
apy to PCI for treatment of AMI [s051]. In
COOL-MLI, 392 patients with anterior or infe-
rior MI less than 6 h duration were randomized
to cooling versus control. Patients were cooled
for 3 h followed by rewarming at 1°C per h.
In ICE-IT, 228 patients were enrolled and ran-
domized to either cooling or control groups.
Patients were cooled for 6 h in ICE-IT, fol-
lowed by rewarming. The target temperature
was 33°C in both trials, and shivering was suc-
cessfully controlled with p.o. buspirone and iv.
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Figure 3. Temperature versus time for cooling and percutaneous coronary
intervention. (A) Temperature curves from [42] where endovascular cooling was
performed in human-sized animals to reduce infarct size. Of note is the fact that
reperfusion was done at target temperature (34°C) in the treatment group
compared with 38°C in the control group. (B) A summary temperature curve from
the COOL-MI trial, where the same endovascular cooling technique was used as in
the preclinical study. The average temperature at reperfusion was 35°C, only 1°C
from baseline. Patients received an average of 18 min of cooling in the
catheterization laboratory prior to reperfusion. Target temperature (33°C) was
reached in the majority of patients, but required approximately 75 min to be
reached. Thus, the hypothermia ‘dose’ was much less in the clinical trial compared
with the preclinical study.

LA: Left atrial blood pool; LV: Left ventricular myocardium; PCl: Percutaneous
coronary intervention.
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meperidine. The primary outcome was infarct
size measured by SPECT imaging at 30 days.
Both studies failed to show an overall reduction
in infarct size. Significant differences between
the COOL-MI trial and the preclinical study
[42] that used the same endovascular cooling
technique were: the animals were cooled sooner
during the ischemic period; and the animals
were reperfused at target temperature (4°C A
compared with controls), whereas the patients
were on average only 1°C below baseline dur-
ing reperfusion (Ficure 3). Average temperature
in COOL-MI at PCI was 35°C. This attests
to the difficulty in cooling the human body
very rapidly and is likely an important reason
for the failure of the clinical trials to show a
decrease in infarct size. Another consideration
is that a fast rate of reperfusion therapy in the
catheterization laboratory may not allow time
for sufficient cooling to develop. The aver-
age duration of cooling in the catheterization
laboratory, prior to reperfusion, was 18 min
in COOL-MI. Also, inclusion of inferior
infarcts with a smaller area at risk, may have
diminished the ability to detect a change in
infarct size. A scatter plot of temperature at
PCI versus infarct size from all of the anterior
MI patients that were treated in COOL-MI
is shown in Ficure 4. A correlation between

T T
33.5 34.0

I
34.5
Temperature at PCl (°C)

T T
35.0 35.5

Figure 4. A plot of temperature at percutaneous coronary intervention
versus infarct size in all of the patients with anterior myocardial infarction
that were treated in COOL-MI. There is a significant relationship between a
lower temperature at PCl and reduced infarct size. This hypothesis-generating
relationship suggests that future trials should aim for more sufficient cooling prior
to reperfusion to maximize the chance for a significant outcome.

LV: Left ventricular myocardium; PCl: Percutaneous coronary intervention.
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lower temperature at PCI and smaller infarct
size is evident. Post-hoc analysis of the data
in the COOL-MI trial showed that patients
with anterior MI that were cooled to less than
35°C at the time of reperfusion had smaller
infarcts. Similar results were obtained in the
ICE-IT trial. These findings are supported by
a recent pilot clinical trial (Rapid-MI-ICE),
where cooling was instituted with a bolus infu-
sion of cold saline, followed by endovascular
cooling, resulting in a reduction of core body
temperature of <35°C (mean 34.7) prior to
reperfusion in all of the test patients [52]. An
additional difference from the earlier clinical
trials is that infarct size was compared with the
area at risk, measured concurrently using MRI
(52]. Infarct size normalized to myocardium
at risk was reduced by 38% in the hypother-
mia group compared with the control group
(29.8 £ 12.6% vs 48.0 + 21.6%, p = 0.041, n
= 8 patients per group). This was supported
by a significant decrease in cumulative release
of troponin T (p = 0.03). These preliminary
results are encouraging and support moving
forward with a larger clinical trial, currently
recruiting, CHILL-MI (ClinicalTrials.gov
Identifier: NCT01379261 [101]). In all of the
hypothermia clinical trials to date, shivering
in the awake patient was effectively control-
led with administration of iv. meperidine and
p.o. buspirone [53]. Further, there has been no
reported increased incidence of arrhythmia or
other adverse events.

Future perspective

There are multiple mechanisms whereby hypo-
thermia can provide cell protection. This ‘poly
pharmacy’ approach may provide significant
advantages over various pharmacologic inter-
ventions that are typically aimed at individ-
ual specific mechanisms. That hypothermia
is cardioprotective in human myocardium is
supported by the findings of a reduction in inf-
arct size in clinical trials in patients that were
cooled to less than 35°C prior to reperfusion.
Experimental studies suggest that the greatest
protection will likely occur with cooling to a
sufficient depth, initiated during the ischemic
period, prior to reperfusion. Future clinical
outcomes may be improved by the development
of more powerful cooling devices, or devices
that allow cooling to be instituted effectively,
prior to arrival to the catheterization labora-
tory. It is anticipated that mild hypothermia
will become the standard of care for adjunctive
therapy for reperfusion of AMI.
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Cell death in myocardial infarction

Hypothermia & PCI during acute myocardial infarction

Major determinants of infarct size are size of the area at risk, collateral blood flow, duration of ischemia and temperature.
Cell death can result from necrosis, apoptosis and autophagy.
Rates of cell death are innately slower in human and primate hearts compared with other species.

The mitochondrion and opening of the mitochondrial permeability transition pore is central to the fate of the ischemic myocyte.

Reperfusion injury contributes a significant fraction of the ultimate size of myocardial infarction.
Mechanisms of protection with hypothermia

Mild hypothermia (32-25°C) has consistently been shown to be cardioprotective in preclinical studies.
Mechanisms of hypothermia protection during ischemia are:
— Reduction in metabolism and preservation of ATP;

— Stabilization of mitochondrial membrane;

— Inhibition of generation of reactive oxygen species.
Mechanisms of hypothermia protection during reperfusion are:

— Decrease in microvascular injury;
— Induction of heat shock proteins;

— Activation of Akt and nitric oxide production;

— Activation of protective kinases ERK;
— Inhibition of apoptosis;

— Inhibition of inflammation and platelet aggregation.

Effects of hypothermia on infarct size
Hypothermia before ischemia:

— Cold-seeking behavior during hypoxia is used to enhance survival in many species;

— There is a linear relationship between core body temperature and infarct size in experimental animals from various species.

Hypothermia during ischemia before reperfusion:
— Numerous studies have shown a reduction in infarct size when mild hypothermia is instituted after coronary occlusion before

reperfusion;

— Hypothermia initiated after reperfusion does not reduce infarct size;
— Microvascular injury (no-reflow) is reduced by mild hypothermia, distinct from a reduction in myocyte necrosis.
Clinical trials of hypothermia during myocardial infarction
Two large clinical trials (COOL-MI and ICE-IT) failed to show an overall reduction in infarct size with mild hypothermia.

Patients that were below 35°C at the time of reperfusion showed a reduction in infarct size.

A recent pilot study (Rapid-MI-ICE) used cold saline infusion and endovascular catheter cooling to reduce core temperature to a mean of
34.7°C, and showed a 38% reduction in infarct size (p = 0.04) and a decrease in cumulative release of troponin T (p = 0.03).
A large pivotal trial (CHILL-MI) is underway to confirm the ability of mild hypothermia to reduce infarct size.
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