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BACKGROUND Postoperative atrial fibrillation (AF) is associated
with prolonged hospitalization, stroke and expense. We have previ-
ously demonstrated the effectiveness of cooling the oblique sinus to
terminate AF in animal models.

OBJECTIVE The study sought to determine whether cooling can
terminate intraoperative AF in humans undergoing cardiac surgery.

METHODS Patients presenting for clinically indicated cardiac sur-
gery with a history of atrial fibrillation were enrolled. During sur-
gery, before bypass, AF was induced if not present, and a 1 X 1
inch cooling device was placed in the oblique sinus that cooled to
5 to 10 °C at the device-tissue interface. Due to the pandemic,
remote, real-time monitoring was used.

RESULTS Four patients (all women, mean age 69.3 years) under-
went 8 AF inductions. Five (63%) of 8 episodes were terminated

with cooling, with average time to termination (after 30 seconds
of sustained arrhythmia) of 21 seconds. Of the 3 failed episodes,
1 may have been a type II termination, 1 organized to flutter,
and 1 failed to cool for technical reasons. There were no
procedure-related complications.

CONCLUSION Termination of perioperative atrial fibrillation with
epicardial cooling in the oblique sinus is feasible and appears
safe in this very early first-in-human study.

KEYWORDS Postoperative atrial fibrillation; Epicardial cooling; Ob-
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Introduction

Postoperative atrial fibrillation (AF) following cardiac sur-
gery is common, with an incidence ranging from 30% to
50%."* 1t is also common in the early and intermediate
postoperative  period following surgery for atrial
arrthythmias, during lesion maturation. Postoperative AF
typically peaks on the second postoperative day and is
associated with adverse short- and long-term outcomes,
increased length of stay, and cost.”””’ Patients who
develop postoperative AF on average incur $10,000 to
$20,000 in additional hospital costs, have hospitalizations
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that are 2 to 5 days longer, and experience a 2-fold increase
in mortality. Current guidelines recommend anticoagulation
for postoperative AF episodes longer than 48 hours and car-
dioversion for poorly tolerated episodes (class 1 recommen-
dation).® Tt has long been known that “AF begets AF,”
namely that persistence of the arrhythmia promotes adverse
electrophysiologic remodeling that promotes ongoing
arrhythmia.” Immediate/early termination of AF limits re-
modeling, may be beneficial after cardiac surgery, and might
be more readily applied if it could be performed painlessly at
the bedside without the need for general anesthesia.

The oblique sinus has a rich autonomic cardiac innerva-
tion and is in juxtaposition to the pulmonary vein ostia,
making it an attractive site for antiarrhythmic interventions.
Because cardiac channels are temperature sensitive,
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m In this first-in-human study, cooling in the oblique
sinus terminates intraoperative atrial fibrillation in
patients with cardiovascular disease undergoing car-
diac surgery.

m Arrhythmia termination is temperature dependent
(occurred with average temperature below 13 °C) and
commonly occurred in under 30 seconds.

m There were no complications associated with cooling.

m This early feasibility study paves the ground for studies
in awake, postcardiac surgical patients to test whether
cooling painlessly terminates postoperative atrial
fibrillation.

nonfreezing hypothermia decreases cardiac action potential
velocity and increases its duration, interrupting
arrhythmia,'” without structural cellular injury. Because
cooling may interrupt regional pain fiber conduction, it
may permit the painless termination of AF by avoiding the
muscle twitch and nerve fiber recruitment associated with
shocks.

We have previously demonstrated the effectiveness of
cooling the oblique sinus to terminate AF in animal
models."" However, humans undergoing cardiac surgery
often have common comorbidities, including advanced
age, hypertension, diabetes, and concomitant structural
and fibrotic changes, which may impact therapy effective-
ness. To determine whether cooling would be effective for
the termination of AF in humans, we performed a pilot feasi-
bility study. Due to the pandemic at the time of testing, we
further tested the hypothesis that we could perform these
surgeries supported by a proctoring site located thousands
of miles away in another country by means of real-time 2-
way video.

Methods

Patient selection and enrollment

Patients presenting for clinically indicated cardiac surgery,
including coronary artery bypass grafting, mitral valve sur-
gery, aortic valve surgery, or other procedure requiring a
sternotomy, and who had a history of AF were screened
at Mayo Clinic and Presidente Perén Hospital for study in-
clusion following investigational review board approval at
both sites. The study was approved by the institutional re-
view board at both hospitals and adhered to Declaration of
Helsinki ethical guidelines, and all enrolled patients pro-
vided written informed consent. All of the following
criteria were also required at the time of enrollment: age
>18 years; documented paroxysmal or persistent AF
with a history of <I-year duration; in AF at time of sur-
gery or inducible using manual or electrical stimulation;
willingness and ability to provide informed consent; and
life expectancy of at least 1 year. Exclusion criteria

included long-standing AF (>1 year); prior AF ablation;
left main coronary artery stenosis >70%; critical aortic
stenosis (gradient >50 mm Hg); inability to induce AF
at the time of surgery if not already present; pregnancy;
presence of a medical condition or comorbidity that could
adversely impact study participation, safety, or conduct of
the study; permanent pacemaker or defibrillator; cancer
treatment that includes cardiac radiation; and inability to
provide informed consent. Here, we report the first 4 pa-
tients in a proof-of-concept study.

Study procedures

Patients were brought into the operating room and a ster-
notomy was performed as per the clinically indicated car-
diac surgery. Pacing wires were inserted per usual surgical
technique. Prior to commencement extracorporeal circula-
tion, AF was induced via rapid atrial pacing and permitted
to sustain for 30 seconds. If it was not induced or did not
sustain for the required time, up to 3 attempts were made,
changing the durations of the stimulation or site of deliv-
ery. Once the qualifying AF was induced, the cooling de-
vice was placed in the oblique sinus and the time to
termination was recorded (Figure 1). If the rhythm failed
to terminate within 180 seconds, cardioversion could be
applied. Based on previous animal work,'" the target cool-
ing temperature was between 5 and 10 °C at the device-
tissue interface.

Remote study proctoring

Technical support was provided by 2 of the investigators
(P.F., S.A.) with additional support from the industry sponsor
(MediCool Technologies).

Due to the pandemic, live proctoring was not feasible.
Thus, the lead surgeon (A.T.) and electrophysiologist
(B.E.) visited Mayo Clinic to perform an animal experiment
in which all the unique procedural characteristics were re-
viewed, demonstrated, and tested. Additionally, procedural
videos, summarizing the use of the novel cooling device and
the protocol, were created and made available for training
purposes for the entire surgical team (Supplemental
Videos 1, 2, and 3). During study procedures performed
in Argentina, real-time communication utilizing video con-
ference software (Zoom Communications) displayed real-
time patient data, the surgical field, and device parameters
to the Mayo Clinic staff and sponsor. Three-way communi-
cation allowed for immediate clinical and technical input
given the Mayo team’s preclinical experience with the novel
technology.

Device description

The device consists of a 1 X 1 inch stainless steel fluid-based
cooling module that delivers a specific therapeutic tempera-
ture via a Thermo Fisher Scientific SC100-10A lab chiller
(Figure 2). The saline was circulated through insulated lines
into and out of the cooling device at a rate of 1 L/min via a
peristaltic pump attached to the lab chiller. Quick-connect
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Figure 1  Anatomic location of cooling and surgical placement. (Left) Anatomical depiction of the oblique sinus. The pericardium is shown with the anterior
section and heart removed. The region to which cooling was applied is shown with the blue oval labelled “Cool.” (Right) Surgical placement of the device in the
oblique sinus in one of the patients in the study. Note that the right panel is a captured image from a live, remote transmission, accounting for blurriness. IAR =
inferior aortic recess; LPVR = left pulmonary vein recess; PVR = pulmonary vein recess; RPVR = right pulmonary vein recess;

adapters attach the device between the sterile field and the lab located in the chiller and another one attached to the external
chiller in an efficient manner. The saline was maintained in a surface of the device in contact with the atrial epicardium
sterile bag and placed in a chilled bath so that the chilling cir- continuously monitored the temperature on the surface of
cuit was sterile throughout its entire circuit, and the cooling the cooling device and recorded the device-tissue interface
device (Figure 2) was sterilized before use. A thermocouple temperature.

Control mogules

21.90C

Tygon tubing

Figure2  Equipment used to cool the oblique sinus during cardiac surgery. (Left) Chiller kept at bedside that cooled saline and pumped it through the system to
maintain a specified temperature at the posterior left atrium. (Middle) Close-up of the cooling element through which saline circulated. (Right) View of the cooling
elements with tubing, snap connectors for fluid, and electrical connectors for continuous temperature monitoring. Modified with permission from Witt et al.''
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Table 2  Results of cooling to terminate AF
Cooling device Initial temperature

Patient  application AF at device-tissue Average device Time to

number  number initiation interface (°C) temperature (°C) Result termination (s) Observations

1 1 Induced 8.7 7.8 Success 4 —

1 2 Induced 2.7 6.5 Failure — Device removed early for
bradycardia; rhythm
terminated (type II vs failure)

2 1 Induced 6.6 12.1 Success 30

2 2 Induced 7.8 12.3 Success 37

3 1 Induced 14.1 12.5 Success 23

3 2 Induced 12.8 13.5 Failure N/A Kinked lead

3 3 Induced 12.7 12.1 Success 11 When cooled from 2

4 1 Induced 9.6 14.5 Failure N/A Organized

AF = atrial fibrillation; N/A = not applicable.

the temperature drop below 5 °C, and there were no find-
ings to suggest any temperature-related injury. Impor-
tantly, 13 °C is a temperature at which no intracellular
ice crystals or long-term damage to cardiomyocytes or sur-
rounding tissues occur. All patients underwent the planned
subsequent cardiac surgery without study-related compli-
cations. These early feasibility findings suggest that cool-
ing may be a reasonable means to terminate
perioperative AF.

The use of cold has an established safety and efficacy
history over decades for the treatment of arrhythmias.
Rapid cooling to temperatures below —40 °C leads to for-
mation of intracellular and extracellular ice crystals, result-
ing in cellular dehydration and mechanical disruption of
cell membranes.'”? This process has been used to irrevers-
ibly modify substrate for the surgical and transcatheter
treatment of epicardial accessory pathways and AF.'*'
Cold has also been used to terminate arrhythmias without
lasting structural damage, including the surgical injection

Figure 3
cooling (images as seen remotely). Note that these are capture images
from a live, remote transmission, accounting for blurriness. Top: real-time
temperature monitoring at the time of AF termination. Bottom: real-time
ECG showing termination of AF to normal rhythm.

Example of intraoperative termination of atrial fibrillation with

of saline to confirm the site of arrhythmogenesis prior to
delivering structure-altering therapy.'” In the present
study, temperatures above freezing were used; these are
capable of arrhythmia termination with no lasting cellular
injury. These observations support the concept that cooling
could be safely used to terminate perioperative atrial ar-
rhythmias.

A number of mechanisms that might account for the abil-
ity of cold to terminate AF. Cardiomyocyte membrane chan-
nels responsible for electrical wavefront propagation are
temperature dependent, with conduction velocity slowing
during hypothermia.'®'® Previous animal models have
demonstrated the termination of fibrillation with cooling
in tissue preparations.'” Because the cooling heat-
exchange module was placed over the dome of the left
atrium, it is possible that a critical mass of tissue was
excluded from fibrillation during cold application, terminat-
ing the arrhythmia. The oblique sinus subtends the pulmo-
nary veinous ostia posteriorly, which are a common
source of AF triggers; cooling may have suppressed trig-
gering discharges. Additionally, autonomic ganglionated
plexi have been implicated in the initiation and maintenance
of AF."” The oblique sinus is rich in these plexi, and cooling
may have modified their activity, facilitating arrhythmia
termination.

This human feasibility study extends the findings of
previous experiments that demonstrated effective termina-
tion of AF with the application of cold in the oblique si-
nus in animal models.'' Importantly, unlike in animal
models, the patients in our study were advanced in age,
had structural heart disease, and likely had microscopic
fibrosis, macrospcopic structural derangements, and
changes in cardiac conduction associated with the patho-
physiology of their cardiac lesions. Confirming the feasi-
bility of cooling to terminate AF in this context is an
important advance.

Our long-term goal is to effectively treat AF painlessly.
The postoperative population is a particularly important
cohort, given that over 30% of patients undergoing cardiac
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surgery develop postoperative AF in most series, and that its
development is associated with short- and long-term com-
plications, including stroke, heart failure, prolonged hospi-
talization, and substantial financial expense.g Because we
initially delivered the therapy during ongoing general anes-
thesia, we cannot confirm whether cold application is pain-
less. However, several observations suggest that it may be
painless. First, recruitment of skeletal and nonskeletal mus-
cle by a shock is an important part of pain associated with
defibrillation, and such recruitment is absent with cooling.
Second, direct stimulation of unmyelinated pain fibers dur-
ing cardioversion may further promote shock pain, and it is
likely absent during cooling; indeed, because there is signif-
icant overlap in membrane channels between neurons and
cardiomyocytes, pain fiber transmission is slowed,”” hence
the common remedy of applying cold to injuries. Cold has
been observed to increase the threshold of painful stimuli
and increase tolerance to pain, prompting its use in first
aid.”' Additionally, due to the thermodynamics within the
body, cold application is very localized, without the wide-
spread electric field effects associated with shocks. Howev-
er, only testing in awake individuals can directly address
this question.

Cooling in postoperative cardiac surgical patients offers
several unique advantages. First, nearly all postcardiac sur-
gical patients receive chest tubes, and cooling elements
could be affixed to the terminal end of the chest tube,
enabling therapy delivery via a commonly used device.
Additionally, the addition of sensing electrodes to the de-
vice would enable the tool to provide both the immediate
diagnosis of postoperative fibrillation, as well as its immedi-
ate therapy. This stands to potentially further shorten inten-
sive care unit stays by enabling monitoring in any medical
environment.

Our study is best understood in the context of its limita-
tions. As this was a very early feasibility study, the number
of observations is small, and there is no control group. A
larger study with control individuals is necessary to confirm
safety, efficacy, and impact on clinical outcomes. Nonethe-
less, on the basis of these preliminary findings, such a study
is being planned, and an updated device is in development to
permit persistence of the device in postoperative patients.
AF induced with rapid atrial pacing may be different than
clinical AF and may be transient in nature (self-terminat-
ing). This may confound the findings related to the efficacy
of oblique sinus cooling.

Conclusion

Termination of perioperative AF with epicardial cooling in
the oblique sinus was feasible and safe in this small, first-
in-human study.
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