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ORIGINAL ARTICLE: Experimental Endoscopy

Left atrial appendage ligation with single transthoracic port assistance:
a study of survival assessment in a porcine model (with videos)

João Moreira-Pinto, MD,1,2,3 Aníbal Ferreira, MD,1,2,4 Alice Miranda, DVM,1,2 Carla Rolanda, MD, PhD,1,2,4

Jorge Correia-Pinto, MD, PhD1,2,5

Braga, Portugal

Background: Left atrial appendage (LAA) exclusion is a well-known procedure for the prevention of stroke in
high-risk patients with atrial fibrillation and contraindication to long-term oral anticoagulant therapy.

Objective: To evaluate a natural orifice transluminal endoscopic surgery (NOTES) approach for LAA ligation.

Design: In 4 acute and 6 survival pigs, we performed LAA by using a forward-viewing, single-channel
gastroscope and an operative thoracoscope with a 3-mm working channel (introduced through an 8-mm single
transthoracic port).

Setting: Animal laboratory.

Interventions: The gastroscope was introduced in the thoracic cavity through an esophageal submucosal
tunnel. An end loop introduced through the gastroscope was used to legate the LAA. In the survival experiments,
the esophageal mucosa was closed using hemoclips.

Main Outcome Measurements: The time, safety, and feasibility of the procedure were recorded. In the survival
experiments, endoscopy and postmortem examination were performed on postoperative day 14.

Results: Creation of a submucosal tunnel and esophagotomy were safely performed in all animals without incidents. The
mean time for esophagotomy was 17.0 � 6.3 minutes. Pericardial dissection and LAA ligation were performed in all animals
but 1. The mean time for LAA ligation was 34.4 � 19.1 minutes. No adverse events occurred during the survival period.
Endoscopy showed complete esophageal closure. Postmortem examination revealed pleural adhesions on the site of
pericardial dissection, and the LAA was fibrotic with the endoloop in place.

Limitations: Animal study.

Conclusions: LAA ligation with single transthoracic trocar assistance is feasible and may be an alternative to
anticoagulant therapy or to permanent intracardiac implants in patients with atrial fibrillation. (Gastrointest
Endosc 2012;75:1055-61.)

provided by Universidade do Minho: Repo
Abbreviations: AF, atrial fibrillation; IM, intramuscularly; LAA, left atrial
appendage; NOTES, natural orifice transluminal endoscopic surgery.
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Left atrial appendage ligation with single transthoracic port assistance Moreira-Pinto et al
Atrial fibrillation (AF) is the most common cardiac ar-
rhythmia, affecting more than 6 million people world-
wide.1 AF increases the risk of stroke by 4- to 5-fold in
onrheumatic patients2 and by 17-fold in the setting of

rheumatic mitral stenosis.3 It is responsible for 10% of all
ischemic strokes and half of all cardioembolic strokes.4

Although anticoagulation therapy is effective, alternative
means to avert the risk of stroke from thromboembolism
are being studied because of the need for monitoring, the
risk of bleeding complications, and the potential for drug
interactions.5

Several studies found a predilection for thrombus to
form in the left atrial appendage (LAA) in patients with AF
because of the increase in its size and flow pattern alter-
ation.6 Thus, several methods to occlude the LAA have
been assessed to decrease stroke burden. Open-surgery
LAA ligation has been widely assessed for feasibility,
safety, and efficacy in stroke prevention.7 Thoracoscopic
LAA ligation has been described with similar results.8 In
002, Sievert et al9 presented the technique for LAA occlu-

sion using a percutaneous endovascular device that deliv-
ers an expandable cage into the LAA, preventing blood to
flow inside it. Since then, several percutaneous devices
have been developed and are currently being tried.5 Al-
though these percutaneous devices show promising re-
sults, several possible complications remain (pericardial
effusion, air embolism, device migration, pseudoaneu-
rysm, infection, and device thrombus formation). There
are also some limitations (LAA size and variable anatomy)
that demand, in specific cases (eg, size disproportion or
distorted anatomy of LAA), the development of alternative
surgical techniques for LAA ligation.10

With the recent developments in natural orifice translu-
minal endoscopic surgery (NOTES), one should be aware
that new approaches to the thorax are emerging as alter-
natives to the classic thoracoscopic surgery. In 2007,
Sumiyama et al11 proposed a transesophageal access to the
horacic cavity. Since then, transesophageal NOTES has
een tested for several simple thoracic procedures in a
orcine model.12-18 Moreover, EUS and FNA of trans-

esophageal lesions are established diagnostic techniques
in gastroenterology and are now also used for therapeutic
purposes. With the proximity of the heart to the esophagus
and the utility of the diagnostic technique of transesoph-
ageal echocardiography in mind, Fritcher-Ravens et al19

tested introducing a needle through the esophagus wall
and the posterior cardiac wall into the left atrium and
beyond, as far as the aortic valve, with success in a porcine
model. Considering transesophageal access for perform-
ing cardiac surgery, surgeons can see some hurdles. First,
the possible mechanical abrasion of and trauma to sur-
rounding structures while performing an inside-out esoph-
agotomy. Moreover, an ineffective esophagotomy closure
can be devastating, with serious infectious complications.
Finally, tissue manipulation and suturing can be challeng-

ing when using flexible parallel instruments from the con- s
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entional gastroscope. Rolanda et al20 recently proposed
he combination of a single transthoracic trocar with trans-
sophageal NOTES to increase the safety and feasibility of
ore complex procedures.
We hypothesized that thoracic NOTES might be indi-

ated in ultraminimally invasive LAA ligation, indepen-
ently of the size or distorted anatomy of LAA. Thus, we
esigned this research protocol to assess the feasibility and
eliability of peroral transesophageal LAA ligation with the
ssistance of a single transthoracic trocar.

ATERIAL AND METHODS

tudy design
Ten female pigs (Sus scrofus domesticus) weighing 25

o 35 kg were used to perform transesophageal LAA liga-
ion with the assistance of a single transthoracic trocar. Ten
onsecutive in vivo experiments were undertaken (4 acute
nd the last 6 animals for survival assessment). All surgical
ndoscopic and thoracoscopic procedures were recorded.
ital signs and physiological parameters were monitored
uring the experiment. The procedure time was recorded
s well as difficulties and complications at each step of the
rocedure. The animals in the survival group were mon-
tored for 14 days. Endoscopic examination and necropsy
ere performed in all animals at the end of the protocol

after the procedure in the acute animals and after the
urvival animals were killed). This study was approved by
he ethical review board of Minho University (Braga,
ortugal).

ig preparation
All procedures were performed with the animals under

eneral anesthesia with endotracheal intubation and me-
hanical ventilation (Fig. 1). The pigs had no food (8
ours) or water (4 hours) before the surgery. The pigs
ere premedicated with a combination of azaperone (4
g/kg, intramuscularly [IM]), midazolam (1 mg/kg, IM),

nd atropine (0.05 mg/kg, IM). Anesthesia was induced
ith propofol (6 mg/kg, intravenously) and maintained
ith continuous propofol infusion (20 mg/kg/h, intrave-
ously) and buprenorphine (0.05 mg/kg, IM).

urgical technique
The main steps of the procedure described here are

Take-home Message

● Transesophageal natural orifice transluminal endoscopic
surgery with single transthoracic assistance (with or
without transesophageal US monitoring) might be the
key to human translation of simple thoracic procedures.

● Transesophageal left atrial appendage might be a good
alternative to percutaneous endovascular techniques.
chematically illustrated in Figure 2. The pig was placed in
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Moreira-Pinto et al Left atrial appendage ligation with single transthoracic port assistance
the dorsal decubitus position. An 8-mm trocar (C0Q61, Kii
Shielded Bladed Access System; Applied Medical, Rancho
Santa Margarita, Calif) was inserted in the fourth intercos-
tal space in the left anterior axillary line. CO2 was inflated
through the transthoracic trocar, and pressure was main-
tained up to 6 mm Hg. An operative thoracoscope with a
3-mm working channel (Hopkins Wide-Angle Straight For-
ward Telescope 6 Degrees, 27092AMA; Karl Storz, Tuttlin-
gen, Germany) was introduced through the trocar. By using
a rigid dissector (30310MLG; Karl Storz), we dissected the
upper mediastinum and identified the esophagus, with the
help of gastroscope movements (inside the esophagus) and
transillumination, between the left phrenic nerve, the left
costocervical vein, and the left subclavian artery (Fig. 3).

A forward-viewing, single-channel gastroscope (13801PKS;
Karl Storz) was advanced into the esophagus, identifying
the position of the thoracoscope and the esophagotomy

Figure 1. Room ergonomics. A, Thoracoscope monitor. B, gastroscope
onitor. C, Ventilator. D, Back table for equipment.

Figure 2. Thoracoscopic anatomy of the esophagotomy site.
site. Five milliliters of saline solution were injected into the t
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ubmucosa 8 cm proximal to the esophagotomy position,
y using an injection needle (110231-01; Karl Storz), and a
-cm longitudinal incision was made in the mucosa using

needle-knife (KD-11Q-1; Olympus, Tokyo, Japan)
hrough the gastroscope working channel. Then an 8- to
-cm long submucosal tunnel was created by blunt dissec-
ion. Esophagotomy was performed in the distal part of the
ubmucosal tunnel (in the upper third of the esophagus).
ll transesophageal procedures were performed under
astroscopic and thoracoscopic image control.

The pericardium was incised above the LAA, avoiding
he left phrenic nerve, using a rigid grasper (27290K; Karl
torz) inserted through the thoracoscope working channel
or traction and the needle-knife with cautery through the
astroscope for cutting. To further dissect the pericardium,
e inverted the positions. A flexible grasper (11252MX;
arl Storz) and rigid 3-mm scissors (30310MW; Karl Storz)
ere inserted through the working channels of the gas-

igure 3. Steps for transesophageal left atrial appendage ligation. Main
mage represents gastroscopic view, and insets (A, B) represent thoraco-
copic view. A, Gastroscope going through the submucosal tunnel and
horacoscope showing the exact site for esophagotomy. B, Endoloop
oing through the gastroscope working channel and thoracoscopic po-
itioning of the LAA inside it. C, Closing the mucosal incision of the
sophagus with 3 hemoclips.
roscope and thoracoscope, respectively.

lume 75, No. 5 : 2012 GASTROINTESTINAL ENDOSCOPY 1057
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Left atrial appendage ligation with single transthoracic port assistance Moreira-Pinto et al
After delimiting and externalizing the LAA by using a
rigid atraumatic grasper (30310ONG; Karl Storz) intro-
duced through the thoracoscope, the LAA was ligated by
using a nylon endoloop (disposable ligation device HX-
400U-30; Olympus) introduced through the gastroscope
and positioned with the help of a thoracoscopic grasper.

In the survival group, in addition to the surgical proce-
dure described, the esophageal mucosa was closed at the
proximal edge of the submucosal tunnel by using 3 flex-
ible hemoclips (EZ Clip HX-110LR; Olympus). At the end
of the procedure, the pericardium was left open, and the
pneumothorax was drained by using a thoracic tube in-
troduced through the transthoracic trocar. No drain was
left in place after the intervention. The trocar skin incision
was sutured with 2 nonabsorbable independent stitches.

Postoperative care (survival group)
At the end of the surgical intervention, all animals

received a single dose of buprenorphine (0.05 mg/kg, IM)
and meloxicam (0.4 mg/kg, IM). Antibiotic ceftiofur hy-
drochloride (5 mg/kg, IM) was repeated at 24-hour inter-
vals for 3 consecutive days. A regular diet was resumed 8

TABLE 1. Results of 4 acute and 6 survival experiments

Experiment
Esophagotomy: min,

complications

Pericardiu
LAA lig

comp

1 20

2 25

3 30, small thymus hemorrhage during
pleural dissection solved without the
need for coagulation

30, small LAA
during manip
without the n
coagulation

4 15 —, iatrogenic
because of tr
misuse

5 15

6 15 45, small LAA
during manip
without the n
coagulation

7 10 60, small LAA
during manip
without the n
coagulation

8 15

9 10

10 15 65, incomple
because of pr
adhesions

LAA, Left atrial appendage; —, not available.
hours after surgery. The animals were closely monitored 3
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or any signs of postoperative complications, distress, be-
avior changes, anorexia, or weight loss. After the
ollow-up period, the animals were anesthetized for en-
oscopic examination. Then they were killed, and nec-
opsy was performed to check for LAA complete ligation,
ealing of the esophagotomy, and signs of cardiac or
ulmonary complications.

ESULTS

The overall results of our study are summarized in Table 1.
orsal decubitus and the CO2 insufflation permitted good
isualization of the heart and the pericardium up to the
pex. Coordinating the images from the thoracoscope and
astroscope allowed us to determine the ideal site for
sophagotomy. Submucosal tunnel creation and esoph-
gotomy were performed safely without incident in all
nimals (Fig. 3A; Video 1, available online at www.
iejournal.org). The mean time to perform the esoph-
gotomy was 17.0 � 6.3 minutes.

Pericardial opening and complete LAA ligation were per-
ormed without significant problems in all but 2 animals (Fig.

ision and
: min,

ions
Esophagotomy closure: min,

complications Acute vs survival

— Acute

— Acute

hemorrhage
n solved

or

— Acute

ure of LAA
tic grasper

— Acute (interrupted
at 35 min)

5 Survival (14 d)

hemorrhage
n, solved

or

15 Survival (14 d)

hemorrhage
n, solved

or

15 Survival (14 d)

5 Survival (14 d)

10 Survival (14 d)

ligation
s pericardial

10 Survival (14 d)
m inc
ation
licat

25

20

wall
ulatio
eed f

rupt
auma

30

wall
ulatio
eed f

wall
ulatio
eed f

5

30

te LAA
eviou
B; Video 2, available online at www.giejournal.org). Liga-
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Moreira-Pinto et al Left atrial appendage ligation with single transthoracic port assistance
tion was achieved by coordinating both thoracoscopic and
gastroscopic images and instruments with minimal mobi-
lization of the LAA. As the endoloop was introduced from
the apex by using the gastroscope in a retroflexed posi-
tion, the atraumatic grasper through the thoracoscope ad-
justed the upper part of the LAA inside the loop. In ex-
periment 4, misuse of the conventional grasper to
manipulate LAA caused tearing of the LAA. The hemor-
rhage was controllable by grasping the perforation with
the atraumatic grasper, but the animal died, and we ter-
minated the experiment. In the last experiment, pericardial
adhesions from a previous infection did not permit a good
dissection of the LAA, and only partial ligation was
achieved. The mean time for LAA ligation was 34.4 � 19.1
minutes.

The instruments entering through both the gastroscope
and thoracoscope created a triangulation very similar to
the one experienced with the exclusively thoracoscopic
approach. The flexible endoscope had good access to all
aspects of the heart by using a direct position to reach the
base of the heart and retroflexion for its apex. Moreover, a
flexible gastroscope was useful in showing some parts of
the thoracic cavity that could not be visualized with the
6-degree optic of the operative thoracoscope, ie, the lat-
eral thoracic wall and the entire diaphragm.

With exception of the acute experiment that was termi-
nated because of LAA rupture, all of the other animals
were kept alive until the end of the experiment. LAA
ligation was verified on necropsy.

In the survival group, the esophageal mucosa was
closed by using endoscopic clips (Fig. 3C; Video 3, avail-
able online at www.giejournal.org), and the thoracotomy

as sutured after pneumothorax drainage. The mean time
o close was 10.0 � 4.5 minutes. The total mean operating
ime in the survival group was 62.5 � 25.1 minutes. All 6
animals in the survival group lived for 14 days. After
recovering from anesthesia, the pigs tolerated a regular
diet started 8 hours after surgery and ambulated freely,
exhibiting normal behavior. No adverse event occurred
during the survival period. Endoscopic examination be-
fore killing revealed complete esophageal closure in all
animals (Fig. 4). No esophageal strictures were found.
ostmortem examination revealed pleural adhesions on
he site of pericardial dissection, and the LAA was fibrotic
ith the nylon endoloop in place (Fig. 5). There were no

igns of infection in the ipsi- or contralateral pleural space
nd lung parenchyma.

DISCUSSION

LAA ligation is a well-known procedure for the preven-
tion of strokes in high-risk patients with AF and a contra-
indication to long-term oral anticoagulant therapy. Open
surgery is highly invasive and is only performed in patients
requiring other cardiac surgery such as mitral valve sur-

gery and maze procedures.5 Ligation of the LAA can also c

www.giejournal.org Vo
e performed thoracoscopically using an endoloop or
tapling device with similar results.8

Recently, percutaneous catheter-based systems to oc-

Figure 4. Esophageal mucosa scar 14 days postoperatively.

igure 5. Heart view showing fibrotic left atrial appendage 14 days after
igation with the endoloop in place. A, Anterior view. B, Posterior view.
lude the LAA have been presented. The Amplatzer Septal
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Left atrial appendage ligation with single transthoracic port assistance Moreira-Pinto et al
occluder (AGA Medical Corporation, Golden Valley,
Minn), which was originally described for patent foramen
ovale or atrial septal defect closure, evolved into the Am-
platzer Cardiac Plug (AGA Medical Corporation) and is
currently being compared in a clinical trial.5,9 The PLAATO
system (eV3 Inc, Plymouth, Minn) is a self-expanding
nitinol cage coated with a polytetrafluoroethylene mem-
brane that ensures endothelialization of the implant.21 The
WATCHMAN Device (Atritech Inc, Plymouth, Minn) is also
a self-expanding nitinol cage with a permeable polyester
fabric covering the surface exposed to the left atrium.22

Although the first reports regarding percutaneous LAA
occlusion show encouraging results, several possible com-
plications still remain.5,20-22 These include air embolism,
device embolization, perforation, device malposition, re-
sidual shunt, arrhythmia, infection, and thrombus forma-
tion on the device.23 Moreover, a large and distorted LAA
cannot be completely occluded by endovascular devices.
For these cases, alternative external LAA ligation tech-
niques are being developed. In 2010, Lee et al10 reported

catheter-based LAA ligation technique using a minimally
nvasive surgical pericardial window created to access the
ericardial space.
In the NOTES era, transesophageal endoscopic surgery

s emerging as an alternative to the classic thoracoscopic
urgery. The theoretical advantages of NOTES over open
urgery and conventional thoracoscopy include decreased
ostoperative pain, reduction/elimination of general anes-
hesia, performance of procedures in an outpatient or
ven office setting, and possible cost reduction. Moreover,
liminating a skin incision avoids associated complications
uch as wound infections and hernias, and facilitates a
horter hospital stay, faster return to regular activity, im-
roved cosmetic outcomes, and increased overall patient
atisfaction. Recently, Rolanda et al20 introduced the con-

cept of hybrid thoracic NOTES. By introducing a transtho-
racic trocar, the authors overcame some potential risks of
the transesophageal approach, ie, blind esophagotomy
creation, esophagotomy closure, thoracic drainage at the
end of the procedure, and triangulating instruments.
Transesophageal NOTES with single transthoracic assis-
tance (with or without transesophageal US monitoring)
might be the key to human translation of simple thoracic
procedures, ie, LAA ligation.

As discussed earlier, the supine position allows gravity
to provide good cardiac exposure with minimal handling.
We did not need to retract the lung and that allowed us to
focus the transthoracic instruments on the surgical proce-
dure. We found the thoracic trocar very useful for CO2

inflation and for its pressure control. Also, the transtho-
racic trocar permitted the control of esophagotomy, per-
formed from the inside-out of the esophagus, pointing out
the exact place where it should be created, side and level,
and avoiding lesions of arteries, veins, and nerves. Finally,
when the procedure was completed, the trocar site was

used for tube insertion and acute pleural drainage. r
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Combining 2 opposite sites, for insertion of the gastro-
cope and thoracoscope and respective instruments, we
ould obtain regular triangulation and countertraction that
imulates the 2 hand movements of the surgeon. This
romoted secure manipulation of tissues, careful dissec-
ion of the pericardium, and effective LAA ligation. The
nly LAA perforation that we had during the study was
aused by the misuse of a traumatic grasper instead of
sing the atraumatic one that occurred in the first nonsur-
ival experiments. We did not experience this complica-
ion while using the atraumatic grasper. However, if this
ere to happen in a human, we believe that conversion to
pen surgery would be the best option. Again, the fact that
e have a gastroscope inside the thorax may permit con-

rol of the hemorrhage by grasping the orifice or occluding
t with a balloon, while an emergency sternotomy is per-
ormed. As mentioned earlier, the flexible endoscope in-
ide the thorax allows visualization of the entire cavity
ncluding sites where rigid transthoracic endoscopes can-
ot reach, ie, the base and apex of the heart, identifying
he limits of the LAA neck, even in large distorted ones.

Regarding the esophagotomy technique, various solu-
ions for endoscopic esophagotomy closure have been
uggested. Opening the muscular layer after a submucosal
unnel is created may not even require closing the mu-
osa.9,16 We opted to close the mucosa with clips, and this
echnique was found to be reliable and quite effective in
ll of our survival experiments. Mediastinal and lung in-
ection could be of some concern. The submucosal tunnel
efore esophagotomy creates a valve system that collapses
s soon as the procedure is completed. As shown in our
xperiments, combining the esophageal submucosal tun-
el with antibiotic prophylaxis is enough to avoid any type
f infection.
Follow-up transesophageal US studies have found that

urgical LAA occlusion is incomplete in between one third
o one half of cases in patients undergoing LAA ligation via
pen surgery.7,25 In these studies, either regular nonab-
orbable suture or staplers were used. None of these
tudies used a nylon endoloop for LAA ligation. In our
tudy, necropsy revealed complete LAA ligation in all
cute experiments, and full ligation with fibrotic LAA in all
ut 1 of the survival studies. However, as reported earlier,
revious pericardial adhesions (eg, caused by previous
horacic intervention) might be a limiting factor for LAA
issection and full ligation when using our technique.
The animal model certainly is a limitation of our study,

lthough the cardiac porcine anatomy is very similar to
hat of humans. Even so, survival experiments were essen-
ial to prove that transesophageal LAA ligation was not
nly feasible but reliable. Even without thoracic tube
rainage, other than immediately after esophageal closure,
ll animals survived, with no thoracic sequelae except for
inor local adhesions. Again, by using a hybrid NOTES

pproach we managed to perform LAA ligation safely and

eliably.

www.giejournal.org
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Moreira-Pinto et al Left atrial appendage ligation with single transthoracic port assistance
Our results proved that transesophageal NOTES, with
the assistance of a single transthoracic trocar, can be used
for cardiac procedures. We believe that transesophageal
LAA could be indicated in patients with AF who do not
want or cannot be on anticoagulant therapy. Transesoph-
ageal LAA might be a good alternative to percutaneous
endovascular techniques, especially in patients who have
large distorted LAA and are contraindicated for LAA occlu-
sion with expandable devices or catheter-based ligation.24

Another advantage of transesophageal LAA ligation over
percutaneous techniques is avoiding exposure of patients
nd health providers to unnecessary radiation from
uoroscopy.26

Finally, transesophageal LAA ligation can be the first step
to more complex cardiac NOTES procedures, for instance,
the maze procedure, which has been the criterion standard
for the treatment of symptomatic drug-refractory AF and was
recently performed by the thoracoscopic approach.27 Con-
sidering the described achievements, we propose that that
our hybrid approach could be safely used in humans in what
we believe to be a step forward in minimally invasive cardiac
surgery. Clinical trials are necessary to determine whether
this procedure should be generally applied and whether
its potential benefits are actually superior to those of per-
cutaneous techniques.

In conclusion, transesophageal LAA ligation by using
single transthoracic trocar assistance is feasible and may
represent a minimally invasive option for LAA ligation.
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