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Safety and Feasibility of Local Myocardial Hypothermia

Luuk C. Otterspoor,1,2
MD, Marcel van’t Veer,1,2

MSC, PhD, Lokien X. van Nunen,1,2
MD,

Inge Wijnbergen,1 MD, Pim A.L. Tonino,1 MD, PhD, and Nico H.J. Pijls,1,2* MD, PhD

Background: In ST-elevation myocardial infarction (STEMI), reduction in time to reperfu-
sion of the occluded coronary artery reduces infarct size. In animal models, an additional
reduction of infarct size was observed when hypothermia was induced before reperfusion,
despite a longer ischemic time. However, several human studies did not corroborate this
positive effect, which is believed to be in part due to the inability of systemic induced
hypothermia to induce sufficient decrease of local myocardial temperature before reperfu-
sion. Providing rapid local myocardial hypothermia by intracoronary infusion of saline
before reperfusion in patients with STEMI may overcome this problem. In this study, we
evaluate the safety and feasibility of providing rapid intracoronary myocardial hypothermia
in patients undergoing intracoronary blood flow measurements based on thermodilution
with continuous infusion of saline at room temperature. Methods and Results: In 53
patients with stable angina (SA) and 20 patients with STEMI, a total of 215 measure-
ments were performed. The measurements consisted of continuous selective intracoro-
nary infusion of saline at room temperature with rates between 10 ml/min and 30 ml/
min. Temperature changes compared to initial blood temperature (Tb) were measured at
the tip of the infusion catheter (Ti) and distally in the coronary artery (Td). In patients
with SA, Ti was 25.65 6 1.418C (range 29.27 to 22.28) and Td was 20.78 6 0.518C (range
23.27 to 20.238C). In patients with STEMI, Ti was 27.45 6 0.518C (range 28.21 to 26.56)
and Td was 21.37 6 0.828C (range 24.62 to 20.748C). In all patients, steady-state intra-
coronary hypothermia was achieved within 15 sec and could be maintained without no-
ticeable complications. Conclusion: This study demonstrates the safety and feasibility
of inducing intracoronary hypothermia by selective infusion of saline at room tempera-
ture in patients with SA and STEMI. Steady-state hypothermia could be achieved and
maintained quickly, easily, and safely using common PCI techniques. Therefore, our
findings warrant further studies to the use of intracoronary hypothermia to enhance
myocardial salvage in acute myocardial infarction. VC 2015 Wiley Periodicals, Inc.

Key words: myocardial hypothermia; percutaneous coronary interventions; myocardial
reperfusion injury; ST-elevation myocardial infarction

INTRODUCTION

In ST-elevation myocardial infarction (STEMI),
early reperfusion is of paramount importance to limit
infarct size and create optimal conditions for favorable
long-term outcome.

Currently, the gold standard for achieving fast reper-

fusion is primary percutaneous coronary intervention

(PPCI) [1,2]. However, notwithstanding the merits of

PPCI, the reperfusion process itself may contribute

to secondary damage to the myocardium, called

“reperfusion injury ” [3–6]. Mild hypothermia, i.e. the

cooling of endangered myocardial tissue to 338C

(91.48F), which is preferably induced already before

reperfusion with blood, may attenuate this reperfusion

injury.
Animal studies in a variety of species have shown

that the induction of hypothermia before reperfusion of
an acute coronary occlusion reduces infarct size [7–14].

If hypothermia is initiated after reperfusion, this effect
is not observed [10,15,16]. Human studies on the other
hand have not been able to show a reduction in infarct
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size [17–24]. This may be attributable to the fact that,
in the majority of the patients, a therapeutic level of
hypothermia was not reached before reperfusion
[17–21]. In these studies, whole body hypothermia (with
an endovascular cooling system in combination with
cold saline) was used, limiting efficacy in terms of rapid
and sufficient cooling of the endangered myocardium
and leading to adverse systemic reactions such as shiv-
ering and an enhanced adrenergic state.

Local intracoronary induction of hypothermia may
accelerate achieving the target level of hypothermia
while simultaneously preventing the systemic adverse
effects. This intracoronary application of hypothermia
has been investigated in two animal studies so far
[7,25]. In the first study, Kim et al. evaluated the
safety and feasibility of this intracoronary method in
pigs [25]. In the second study, Otake et al. demon-
strated a significant reduction in myocardial necrosis
when using intracoronary hypothermia in pigs with 60
min of coronary occlusion [7].

In the present study, we aimed to evaluate the safety
and feasibility of intracoronary hypothermia by means of
selective intracoronary infusion of saline at room temper-
ature at a rate of 10–30 ml/min in patients with stable
angina (SA) and patients with acute myocardial infarc-
tion immediately following PPCI, and after 3–5 days.

METHODS

Study Population

Data were collected from two patient groups under-
going intracoronary blood flow measurements using
thermodilution with continuous infusion of saline. A
technique described in detail before [26,27]. The first
group consisted of 53 patients with SA in whom meas-
urements were performed as part of a previous study
protocol [27] or as routine intracoronary blood flow
measurements. The second group consisted of 20
patients with STEMI in whom measurements were per-
formed immediately after PPCI and after 3–5 days [28].
These patients participated in a previous study regarding
changes in the microcirculation in acute myocardial in-
farction. Both studies mentioned above and the use of
data for the present analysis have been approved by the
institutional review board of the Catharina hospital, and
informed consent was obtained from all patients. In the
second group of patients, informed consent was obtained
immediately after PPCI.

Instrumentation

The application of continuous intracoronary infusion
of saline and the principle of thermodilution is exten-
sively described by Aarnoudse et al. [27] and Wijnber-

gen et al. [28]. In short, the instrumentation is as
follows (Fig. 1).

A standard sensor-tipped pressure/temperature guide-
wire (PressureWire Certus, St. Jude Medical systems,
St. Paul, MN) is advanced into the distal part of the
index coronary artery. It should be noted that this pres-
sure/temperature guidewire is zeroed at baseline and is
only able to measure temperature differences and not
the actual blood temperature itself. Hereafter, an infu-
sion catheter with four side holes is advanced over the
wire into the coronary artery. In a normal, not signifi-
cantly diseased coronary artery, the tip of the infusion
catheter is placed within the first segment of the coro-
nary artery. In case of a stenotic coronary artery, the
tip of the infusion catheter is placed just proximal to
the stenosis. In case of STEMI, the infusion catheter is
placed at the location of the opened occlusion, i.e.
within the stent, in order to measure blood flow in the
area at risk. The position of the pressure/temperature
sensor is always 3–6 cm distal to the tip of the infusion
catheter, as previously described [15].

Coronary hyperemia is induced by central venous
adenosin infusion. After achieving steady-state maximum
coronary hyperemia, saline at room temperature (approx-
imately 208C or 688F) is infused at a constant rate
through the infusion catheter using a contrast infusion
pump (Agiomat 6000, Lieber-Flarsheim). The rate of sa-
line infusion was estimated based upon the size of the
coronary artery and the location of infusion, and varied
from 10 to 30 ml/min, as previously described.

Differences in the temperature at the sensor close to
the tip of the wire in the distal coronary artery (Td) (af-
ter complete mixing of blood with the infused saline)
are measured and recorded for approximately 30–60
sec. Thereafter, the sensor is pulled back into the infu-
sion catheter, thereby measuring the temperature of the
infused saline (Ti). Volumetric blood flow in the re-
spective coronary artery can be calculated then as
described by Van’t Veer et al. [26], but was not the
aim of the present study.

Measurements and Statistics

In the patients with SA, standard angiography was per-
formed, followed by fractional flow reserve (FFR) meas-
urements and absolute flow measurements. If the FFR
was� 0.80, a stent was placed and the measurements were
repeated after stenting.

In patients with acute ST segment elevation myocar-
dial infarction, PPCI with stenting was performed rou-
tinely and the absolute flow measurements were
performed immediately thereafter [28]. In these
patients, measurements were repeated after 3–5 days.
In all procedures, registrations were continuously dis-
played and infusion flow (Qi) and temperatures (Ti and
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Td), as well as coronary and aortic pressures, were
recorded. Accuracy and reproducibility of flow meas-
urements by this technique have been described previ-
ously [27].

No infusion rates below 10 ml/min were used in any
of the patients to avoid an unfavorable signal-to-noise
ratio. Infusion rates above 30 ml/min were not used
because in all patients, infusion rates of 10–30 ml/min
were sufficient for the purpose of absolute flow meas-
urements performed in the initial studies.

With respect to safety, special attention was given to
possible conduction disorders and arrhythmias. To
investigate feasibility, we evaluated the ease of the
technique, the time requiring instrumentation and the

time required to achieve steady-state hypothermia in
the distal coronary artery.

All data are presented as mean�SD, followed by
the range for the continuous variables.

RESULTS

The instrumentation could be performed easily and
without complications in all patients within 10 min. An
example of such a measurement is presented in Fig. 2. In
total, 215 measurements were performed in 73 patients,
53 of which had SA and 20 patients who presented with
STEMI. In the SA patients, the index artery was the left
anterior descending artery (LAD) in 29 patients, the left
circumflexus artery (LCX) in 5 patients, and the right
coronary artery (RCA) in 19 patients, respectively. In the
STEMI patients, the index artery was the LAD in 8
patients, the LCX in 4 patients, and the RCA in 8
patients. In all patients, an infusion of saline at room
temperature with rates between 10 ml/min and 25 ml/min
was used, except in one patient in whom a rate of 30 ml/
min was used. Ti in patients with SA was
�5.65� 1.418C (range �9.27 to �2.288C) and Td was
�0.78� 0.518C (range �3.27 to �0.238C). In patients
with STEMI, Ti was �7.45� 0.518C (range �8.21 to
�6.568C) and Td was �1.37� 0.828C (range �4.62 to
�0.748C).

In all patients, steady-state hypothermia in the distal
artery was achieved within 15 sec after start of the
infusion, and disappeared completely within 10 sec af-
ter discontinuing the infusion. There was a clear and
reproducible relation between infusion rate and temper-
ature at the tip of the infusion catheter (Ti) but, as
expected, a large variation in distal coronary tempera-
ture was observed related to blood flow, the size of the
coronary artery, its perfusion territory, and possibly
intramyocardial resistance (Fig. 3). Three patients
experienced short periods of second degree
atrioventricular (AV)-block, without symptoms. One of
these was the patient who had an infusion rate of
30 ml/min.

From Fig. 3, it can be observed that at very low
coronary flow (as in an occluded coronary artery),
distal blood temperature Td approaches infusion tem-
perature Ti and that it is feasible to achieve 48C of
hypothermia with the present infusion rates. With
higher blood flow, distal temperature increases as
expected and higher infusion rates or lower infusion
temperatures (i.e., cold saline) will be necessary to
achieve the desired hypothermia (338C) in the distal
coronary artery.

Fig. 1. Schematic drawing, showing the instrumentation in
the left circumflex artery to provide hypothermia for coronary
blood flow measurements. A 2.8-Fr infusion catheter is
advanced over a 0.014-inch pressure/temperature (temp)
sensor-tipped guidewire through a Y-connector (Y1) and posi-
tioned proximal to the stenosis (if present) and with its side
holes in a segment without major side branches. The infusion
catheter is connected to an infusion pump by a second Y-
connector (Y2), enabling continuous infusion of saline at room
temperature (10–30 ml/min). The sensor-tipped guidewire is
connected to the interface (AnalyserXpress, St Jude Medical,
St. Paul, MN—Analyzer) as routinely done in coronary pres-
sure measurement, and distal coronary pressure (Pd) and tem-
perature (Td) are displayed on the interface. The aortic
pressure (Pa), measured at the tip of the guiding catheter, is
recorded by a regular pressure transducer and also displayed
on the interface. For the purpose of intracoronary hypother-
mia, without the goal of measurement of absolute coronary
blood flow, no specific infusion catheter is mandatory and a
simple over-the-wire-balloon can be used (see text).
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DISCUSSION

In this study, we evaluated the safety and feasibility
of intracoronary hypothermia induced by selective

intracoronary infusion of saline at room temperature in
patients with SA and ST-elevation myocardial infarc-
tion. Apart from mild and transitional conduction distur-
bances, no adverse effects were noted. Moreover, from

Fig. 2. Representative figure showing a complete recording
of intracoronary temperature and pressure measurements.
The left scale expresses temperature in 8C relative to blood
temperature. The right hand scale expresses temperature in
absolute 8F. Blood temperature is set to 0 at the beginning of
the measurement (Tb). Thereafter infusion of saline at room
temperature is initiated (at 30 sec). Temperature of the saline

mixed with coronary blood declines rapidly and is measured
in the distal coronary artery (Td). Steady-state hypothermia
rapidly develops and lasts in this case for 65 sec, whereafter
the sensor is pulled back into the infusion catheter to obtain
the temperature of the saline when it enters into the coronary
artery (Ti).

Fig. 3. Demonstration of the relation between coronary temperature (Td), coronary blood flow,
and saline infusion flow, for four different infusion rates. If coronary blood flow approaches
zero, the temperature within the coronary artery becomes identical to the temperature of the
infused saline. If the coronary blood flow is higher, the coronary blood temperature increases.
With higher infusion rates, the coronary blood temperature decreases more.
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a technical point of view, the instrumentation could be
performed within 10 min, even in the acute setting of
patients who had just undergone PPCI because of
STEMI. Steady-state coronary hypothermia was
achieved within 15 sec from the start of infusion in all
cases which is much more rapidly than in any previous
study. These results prove the safety and feasibility of
intracoronary hypothermia and may have implications
for future trials, in which intracoronary hypothermia is
studied as an addition to primary PCI to enhance sal-
vage of myocardium in patients with STEMI.

Although primary PCI is the gold standard for restor-
ing epicardial blood flow in the setting of STEMI and
the first step to myocardial salvage, the reperfusion pro-
cess itself may contribute to secondary myocardial
injury and cardiomyocyte death. This reperfusion injury
may account for nearly half of the final infarct size
[4,5] and refers to the death of cardiomyocytes that
were still viable at the end of the ischemic event. The
phenomenon of reperfusion injury is incompletely
understood and currently there is no established therapy
for preventing it. Contributory factors are intramyocar-
dial edema with compression of the microvasculature,
oxidative stress, calcium overload, mitochondrial transi-
tion pore opening, microembolization, neutrophil plug-
ging, and hypercontracture [4,5,29,30]. This results in
myocardial stunning, reperfusion arrhythmias, and
ongoing myocardial necrosis. Myocardial stunning refers
to the post-ischemic contractile dysfunction and is re-
versible in part. Reperfusion arrhythmias usually are
self-terminating and are easily treatable.

Myocardial hypothermia may attenuate the unfavora-
ble mechanisms mentioned above. However, limited
data are available on the beneficial mechanisms of
hypothermia to protect the myocardium from reperfu-
sion damage. In animals, several studies demonstrated a
protective effect of hypothermia on the infarction area
[7,9,11,31]. This effect was only noted when hypother-
mia was established before reperfusion. Hypothermia is
therefore thought to attenuate reperfusion damage by
oxidative stress [32–34], release of cytokines, and devel-
opment of interstitial or cellular edema [35–37]. It has
been shown in animals that induced hypothermia
resulted in increased ATP-preservation in the ischemic
myocardium compared to normothermia [38–40].

The intracoronary use of hypothermia by infusing
saline was investigated in two previous studies. Kim
et al. showed feasibility of intracoronary cooling dur-
ing ischemic conditions as well as during acute myo-
cardial infarction [25]. Seven out of fourteen pigs died
from ventricular fibrillation during the study protocol,
but outside the cooling phases, most likely due to the
large ischemic area and the susceptibility of pigs to
arrhythmias during ischemic events. Otake et al. dem-

onstrated intracoronary use of hypothermia to be safe
and effective in preventing myocardial necrosis [7]. In
their study, saline of 48C was used without complica-
tions (such as vasospasm, hemodynamic instability, or
bradycardia) and it even attenuated ventricular arrhyth-
mias significantly. However, using an infusion rate of
2.5 ml/min, myocardial temperature lowering by �38C
was possible after �45 min. Limited by their equip-
ment, higher infusion rates were not possible, but could
have been useful to obtain the desired myocardial tem-
perature more rapidly.

In humans however, induction of local hypothermia
in the infarcted area only has not been investigated at
all. Human studies on hypothermia for infarct size
reduction used total body hypothermia, and failed to
show a protective effect. The two first clinical trials
investigating mild systemic hypothermia using endovas-
cular cooling catheters as an adjunct to PPCI in myocar-
dial infarction failed to show a reduction in infarct size
[17,22,24,41]. This is thought to be due to the inability
to achieve sufficient hypothermia quickly enough
(<358C) at onset of reperfusion. A subgroup analysis of
these two trials showed a strong trend toward a positive
effect in patients who did reach the target temperature
<358C [24]. Gotberg et al. demonstrated a reduction of
infarct size of 38% in the RAPID MI-ICE study, in
which the combination of an endovascular cooling sys-
tem and systemic infusion of cold saline was used [20].
However, the primary end point was the safety and fea-
sibility of this cooling method and the results should be
interpreted with care regarding the small study sample.
They repeated the study protocol in 120 patients
(CHILL-MI trial), but were not able to confirm the car-
dioprotective effects of this form of systemic cooling
[21]. The disappointing results in human studies are pos-
sibly due to the necessity of systemic hypothermia up
until now, which is associated with a long time interval
to obtain sufficient hypothermia—if obtained at all—,
and to the severe side effects of systemic cooling, such
as severe shivering, which prevents the ischemic myo-
cardium from attaining the targeted temperature. In ani-
mal models this shivering was prevented by sedation.

The use of an intracoronary infusion catheter allows
selective infusion of a relatively large amount of saline
in a fast way. Our data show that the technique to
advance an infusion catheter is safe and can be per-
formed quickly in the setting of primary PCI. The blood
temperature drops rapidly after start of the infusion.
Within less than 15 sec, steady-state hypothermia is
achieved in the distal coronary artery and in the blood
entering the myocardium. However, in the majority of
these patients these temperature drops were not yet in
the therapeutic range. Despite the fact that target temper-
atures of Td as defined for mild hypothermia (<338C)
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were reached in a minority of the patients, it is very
likely that with a higher infusion rate of saline at room
temperature or with saline moderately below room tem-
perature, it will be able to cool the infarcted myocardium
to a temperature of 338C within minutes in case of an
occluded artery in most patients. During occlusion, as is
the case just prior to PPCI, achievement of sufficiently
low temperature will not be a problem (Fig. 3.).

The advantage of administration of intracoronary sa-
line compared to systemic cooling is the ability to
obtain hypothermia in the infarcted myocardium both
rapidly, and locally, thereby preventing or reducing the
adverse systemic effects of hypothermia such as shiver-
ing and ensuring the effect only there where it is
needed. In our study, no complications such as shiver-
ing, hemodynamic instability, coronary vasoconstric-
tion, and bradycardia were observed. Although the
time of instrumentation was within the target range in
all cases, it is to be expected to be shorter in the case
of a dedicated study on hypothermia in STEMI. In
contrast to the presently used study protocols for abso-
lute flow measurements, where exact measurement of
temperature both in the distal coronary artery and at
the tip of the specifically designed infusion catheter
are mandatory, during primary PCI a simple over-the-
wire-balloon can be positioned within the occlusion in
the coronary artery, inflated with low atmosphere just
to maintain total occlusion, whereafter the guidewire
can be removed and the saline can be administered
through the lumen of the over-the-wire balloon.

In analogy to the animal experiments, the balloon
should be deflated after an arbitrary 10 min of cooling
whereafter cooling can be continued with an open ves-
sel for another 10 min. To further investigate the
potential of therapeutic myocardial hypothermia, it is
essential to investigate and understand the relationship
between blood temperature in the distal coronary artery
and the intramyocardial temperature in the area at risk,
and thus be able to estimate the real intramyocardial
temperature through measuring the temperature distal
in the coronary artery (Td). This “true” intramyocardial
temperature cannot be assessed directly in conscious
humans. Therefore, these questions are currently stud-
ied in the isolated beating pig heart model [42], a
model that allows intramyocardial temperature meas-
urements at multiple locations.

Study Limitations

This is a retrospective analysis based on data that
were collected in two different prospective trials focus-
ing on coronary blood flow measurements and not on
intracoronary hypothermia in itself. In these trials,
adenosine was infused intravenously as well as contin-

uous intracoronary infusion of saline. In future studies
focusing on reduction of infarct size in acute myocar-
dial infarction, the administration of adenosine will not
be needed, thereby significantly simplifying the proce-
dure.

Second, the infusion time was� 1–2 min, which is
shorter than the desired cooling period and a tempera-
ture of 338C was achieved in only a minority of
patients, simply because no further decrease of temper-
ature was needed for these respective studies. As dis-
cussed above, using a similar technique, it is expected
to achieve the target temperature of 338C rapidly in
most patients, especially in case of low blood flow as
in acute myocardial infarction. It is unknown how long
the infusion should be continued to optimize treatment
in acute myocardial infarction.

Moreover, the temperature difference in the present
analysis disappeared within 10 sec after discontinuation
of the infusion. In these patients however, the main
goal was calculation of flow, and there was no need
for steady-state hypothermia for longer than 60 sec.

Finally, temperatures measured in the distal part of
the coronary artery do not translate to intramyocardial
temperatures. Further experimental studies as men-
tioned above are mandatory to relate distal coronary
blood temperature to myocardial tissue temperature,
and are presently performed by our group.

CONCLUSION

This study demonstrates the safety and feasibility of
inducing local intracoronary hypothermia up to 338C
by selective intracoronary infusion of saline at room
temperature in patients with SA and in acute myocar-
dial infarction. This technique of intracoronary infusion
has the advantage of fast and local induction of hypo-
thermia in the infarct zone, without causing adverse
systemic effects of hypothermia such as shivering.
These findings justify further studies to local therapeu-
tic myocardial hypothermia during primary percutane-
ous intervention to limit infarct size.
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