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Natural orifice transluminal endoscopic surgery: A transtracheal
approach for the thoracic cavity in a live canine model
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Background: The present study aimed to evaluate the performance of transtracheal thoracic exploration and
pericardial window creation in a canine survival model.

Methods: Transthoracic exploration was performed in 14 dogs. Under general anesthesia, after an incision in the
right lateral wall of the middle–lower portion of the trachea was made, a 9-mmmetal tube was advanced into the
thoracic cavity. For thoracic cavity exploration and pericardial window creation, a flexible bronchoscope was
introduced through the metal tube into the thoracic cavity. After thoracoscopy, a Dumon stent (Novatech,
Grasse, France) was used to cover the tracheal incision site and facilitate healing. Animals were evaluated by
endoscopy 1 and 2 weeks later. Animals were humanely killed, and necropsy was performed 2 weeks after
the transtracheal natural orifice transluminal endoscopic surgery.

Results: Fourteen dogs underwent transtracheal thoracic exploration lasting for an average of 110 minutes
(range, 80–150), with 3 perioperative deaths. At 2 weeks after pericardial window creation, endoscopy revealed
normal healing of the tracheal incision sites in all 11 surviving animals. Necropsy on the 11 animals at 2 weeks
showed 9 adhesions around the pericardial window and 5 adhesions around the tracheal incision region. No me-
diastinitis or abscesses could be identified.

Conclusions: Transtracheal thoracic exploration is technically feasible. Increasing surgical experience together
with improvement in endoscopic techniques will further facilitate the development of natural orifice translumi-
nal endoscopic surgery for thoracic diseases. (J Thorac Cardiovasc Surg 2011;141:1223-30)
Video clip is available online.

Since its development by Kalloo and associates1 in 2004,
there have been prolific studies on natural orifice translumi-
nal endoscopic surgery (NOTES). These studies have in-
cluded transluminal liver biopsy, lung biopsy, fallopian
tubal ligation, cholecystectomy, gastrojejunostomy, oopho-
rectomy, and hysterectomy.

With regard to intraluminal access to the body cavity, var-
ious techniques, including transgastric, transtracheal, and
transrectal approaches, have been described. Because of
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the great challenges of the NOTES approach to the thoracic
cavity, only limited data are available on the use of NOTES
in the evaluation and treatment of thoracic diseases.2-4

We5,6 have previously reported the feasibility of
performing a pleural and surgical lung biopsy using
a completely transtracheal NOTES technique. The present
study aimed to investigate the performance of using
transtracheal NOTES to perform transtracheal thoracic
exploration (TTEP) and pericardial window creation as
well as to determine the safety of using Dumon stents
(Novatech, Grasse, France) for treating tracheal incisions
after transtracheal thoracic surgery.
MATERIAL AND METHODS
The use of animals for study was approved by the Ethics Committee on

Animal Research of the ChangGungMemorial Hospital. Studies were con-

ducted in an animal research laboratory. Fourteen dogs (weight: 7–9 kg)

were used in the present experiment. Preanesthetic sedation consisted of

ketamine (5 mg/kg) and xylazine HCl (10 mg/kg). The animals underwent

endotracheal intubation, and general anesthesia was maintained with con-

tinuous inhalation of isoflurane, supplemented with bolus application of

xylazine HCl (5 mg/kg intravenous). Before TTEP was performed, an an-

tibiotic (250 mg cefazoline) was administered to all animals.

During the early period of this study, ventilation was maintained with

conventional jet ventilation, with the animal in the supine position. During

the later period of our experiment, ventilation was shifted to mechanical

volume-controlled ventilation using a homemade long endotracheal tube

(Figure 1, Video 1); the endotracheal tube was introduced into the lower

trachea, with the cuff located approximately 1 cm above the carina.
diovascular Surgery c Volume 141, Number 5 1223
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Abbreviations and Acronyms
CBC ¼ complete blood count
CRP ¼ C-reactive protein
NOTES¼ natural orifice transluminal endoscopic

surgery
TTEP ¼ transtracheal thoracic exploration

General Thoracic Surgery Liu et al

G
T
S

The TTEP procedure consisted of the following steps. (1) A short trans-

verse incision was performed on the lateral wall of the middle–lower por-

tion of the trachea (approximately 5 cm above the carina) using

a homemade metal knife. (2) The tracheal incision was sequentially dilated

to 9 mm using a homemade metal tube (Figure 2, Video 2). (3) A 9-mm

metal tube was inserted through the tracheal incision and was used as an

entrance to the thoracic cavity. (4) A flexible bronchoscope was introduced

into the thoracic cavity through a 9-mm trocar for thoracic cavity explora-

tion (Video 3). (5) An electrocautery needle knife was inserted through the

working channel of the flexible endoscope to create a pericardial window,

anterior to the right phrenic nerve (Figure 3, Video 4). (6) The metal tube

was removed under bronchoscopic visual control and any injury to the tho-

racic vital organs injury was sought. (7) The tracheal wound was covered

with an airway silicone Dumon stent, and the animals were allowed to re-

cover from anesthesia. (Figure 4, Video 5). (8) The tracheal wound was

evaluated with a bronchoscope 2 weeks after the operation.

During the early period of this study, prophylactic pleural drainage was

performed before the TTEP to improve the safety of the procedure and to

prevent potential complications such as tension pneumomediastinum or

pneumothorax. Pleural drainagewas not performed after we had gained ad-

equate surgical experience during the later period of the study.

The animals were extubated immediately after the operation and re-

ceived intravenous antibiotic (cefamezine 20 mg/[kg $ day]) for 3 days.

The animals were closely monitored on a daily basis for signs of respiratory

distress, sepsis, or mediastinitis. Rectal body temperature and respiratory

rate were measured 1, 2, 3, 7, and 14 days after the procedure. Blood

was obtained for the measurement of complete blood count (CBC) and

C-reactive protein (CRP) level before the procedure and 1, 2, 3, 7, and

14 days after the procedure. The airway stent was removed 7 days after

the procedure. The integrity of the tracheal incision region was assessed

by bronchoscopy 14 days after the procedure.

The animals were humanely killed 2 weeks after the operation. The

pleural cavity was closely examined for evidence of surgical complications

after TTEP; these include thoracic vital organ injury, adhesions, abscess

formation, suppurative mediastinitis, or the completeness of tracheal

wound healing.
RESULTS (Table 1)
A total of 14 survival experiments were performed. The

total procedure time for TTEP was 110 minutes (range,
80–150 minutes). There were a total of 3 deaths owing
to 3 life-threatening complications (bleeding, pneumotho-
rax, and cardiac fibrillation) related to operative proce-
dures; 2 animals died during the operation owing to
bleeding and cardiac fibrillation, and another animal had
massive subcutaneous emphysema and died of respiratory
distress 5 hours after the operation. TTEP was successfully
performed in all 11 surviving animals. Furthermore, no
clinical signs of mediastinitis or intrathoracic infection
1224 The Journal of Thoracic and Cardiovascular Sur
were noted in the 11 animals that survived the 2-week
postprocedure period.

Tracheal Incision and Management
In 12 animals, the procedurewas performed using a single

tracheal incision; 2 other animals required 2 tracheal inci-
sions to complete the TTEP. Of the 12 animals that survived
the immediate postprocedure period, 10 had 1 stent for tra-
cheal incision closure, and 2 required 2 stents each to seal
the tracheal entrance. The incidence of air leakage was
higher in animals with 2 tracheal incisions; both animals
with 2 tracheal incisions had emphysema complications,
and 1 of them even received 2 stents for tracheal closure.
In contrast, no air leakage was evident in the other 10 ani-
mals with a single tracheal incision.

Prophylactic Chest Tube Drainage
From our previous experiences, chest tube drainage de-

creases the risks of intraoperative tension pneumothorax.5

In the present study, modification of the anesthesia tech-
nique using a homemade endotracheal tube created a plat-
form on which NOTES could be performed in the
thoracic cavity without pleural drainage. The intraoperative
mortality was 0% (0/5) and 22.9% (2/9) in animals with
and without pleural drainage, respectively. However, both
animals died of complications (hemorrhage and cardiac
arrest) that were not related to intraoperative tension pneu-
mothorax.

Physiologic Parameters
A low-grade fever (39.6�C) developed between 1 and 3

days after the procedure and returned to normal 7 days after
the procedure in 3 animals. However, these 3 animals
exhibited normal activity, had regular oral intake, showed
no signs of illness, and survived for 2 weeks after the pro-
cedure. The postoperative respiratory rates (mean, 32
breaths/min; range, 22–42 breaths/min) were not signifi-
cantly different from the baseline (10–32 breaths/min).

Inflammatory Parameters
The change in leukocytes (WBC, normal: 4.0–15.53 103

cells/L) in the animals is shown in Figure 5. The WBC
increased above baseline in all 11 animals 1 day after the
procedure and returned to baseline 3 days after the proce-
dure in 9 animals. The WBC returned to baseline after 7
days in 10 animals. The CRP levels (normal< 5 mg/dL)
were significantly increased from baseline between days 1
and 7 after the procedure. The CRP levels returned to base-
line in 7 of the 11 animals by 2 weeks after the operation
(Figure 6)

Complications
Two animals died during the procedure (1 owing to car-

diac arrest during electrocautery creation of a pericardial
gery c May 2011



FIGURE 1. The homemade endotracheal tube.
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window and 1 owing to hilar injury during creation of a tra-
cheal entrance). Another animal had massive subcutaneous
emphysema and died 5 hours after the operation. One ani-
mal was found to have subcutaneous emphysema over its
right chest region 1 day after the procedure; this animal
recovered well after postoperatively. Two other animals ex-
hibited partial obstruction of the stent by granulation or in-
creased airway secretion, and 1 of them had mild difficulty
FIGURE 2. A, Tracheal wall incision created with a homemade metallic knife

nique. C and D, The costophrenic angle, chest wall, apex of the lung, and med

The Journal of Thoracic and Car
in breathing. Both animals were managed conservatively
and were humanely killed 14 days after the operation.

Endoscopic Follow-up
Endoscopic follow-ups were performed at 1 week (when

the stent was removed) and 2 weeks (when tracheal incision
regions were evaluated) after the operation. Follow-up
bronchoscopic examination at 2 weeks showed normal
. B, The tracheal wall incision was created with a sequential dilating tech-

iastinum were exposed after entering the thoracic cavity.

diovascular Surgery c Volume 141, Number 5 1225



FIGURE 3. Pericardial window creation using a needle knife.
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healing of tracheal incision sites in all 11 surviving animals.
During bronchoscopic examination, 2 of 11 animals showed
granulation over the proximal edge of the stent with partial
obstruction of the airway lumen 1 week after the procedure.
Removal of the airway stent resulted in improved airway
patency during the 2-week postoperative examination.

Necropsy Evaluation (Figure 7, Video 6)
Autopsy was performed in 12 animals (11 that survived

until 2 weeks after the operation and the 1 that had massive
bleeding during creation of tracheal entrance). In the animal
in which bleeding occurred during tracheal dilation, perfo-
ration over the superior–anterior wall of the pulmonary
hilumwas noted. During necropsy, 9 of 11 animals had peri-
cardial adhesion around the pericardial window, and 5 of
FIGURE 4. A, Tracheal wound after tracheal approach for thoracic evaluatio

tracheal wound closure with 2 silicone stents. D, Fourteen days after stent rem

1226 The Journal of Thoracic and Cardiovascular Sur
11 animals had adhesion over the tracheal incision region.
During necropsy, complete healing of the tracheal incision
was observed in all 11 surviving animals. There were no
signs of injury to intrathoracic vital organs, mediastinitis,
or purulent collections inside the mediastinal cavity.

Histologic Evaluation (Figure 8)
Histopathologic evaluation of the tracheal incision region

was performed in the 11 animals that survived 2 weeks after
the operation. All specimens demonstrated a normal healing
process, and no evidence of abscess formation over the
tracheal incision region was observed. However, only 7 tra-
cheal incision sites were confirmed by microscopic exami-
nation. With regard to microscopic findings, pure fibrosis
was observed in 5 animals, fibrosis combined with
n. B, Complete tracheal wound closure with 1 silicone stent. C, Complete

oval.

gery c May 2011



TABLE 1. Procedure characteristics and animal outcomes

Animal

Duration

(min)

Tracheal

incision

Stent

(mm)

Pleural

drainage

Periop

complication

Granulation

after stenting

Survival

>2 wk

Necropsy

finding

Tracehal

incision

region (gross)

Tracehal

incision region

(patho)

Dog 1 130 1 12 3 40 Yes No No Yes Pericardial

adhesion

Complete

healing

Fibrosis

Dog 2 140 1 11 3 40 Yes No Granulation with

50% airway

obstruction

Yes Tracheal

pericardial

adhesion

Complete

healing

Cartilage

regeneration

Dog 3 140 1 12 3 40 Yes No No Yes No Complete

healing

Fibrosis

Inflamation

Dog 4 150 1 11 3 40 Yes No Granulation with

40% airway

obstruction

Yes Tracheal

pericardial

adhesion

Complete

healing

Fibrosis

Dog 5 80 1 11 3 40 Yes No No Yes Pericardial

adhesion

Complete

healing

Fibrosis

Ulceration

Dog 6 100 1 No No Bleeding, hilar

injury

No No Bleeding, hilar

injury

Not

performed

Not performed

Dog 7 100 1 13 3 60 No No No Yes Tracheal

pericardial

adhesion

Complete

healing

Fibrosis

Inflamation

Dog 8 95 1 No No Cardiac arrest No No Not performed Not performed Not performed

Dog 9 90 2 12 3 60 No Tension

subcutaneous

emphysema

No No Not performed Not performed Not performed

Dog 10 110 1 12 3 60 No No No Yes Pericardial

adhesion

Complete

healing

Fibrosis

Dog 11 150 2 12 3 60

14 3 30

No Emphysema No Yes Pericardial

adhesion

Complete

healing

Fibrosis

Inflamation

Dog 12 105 1 14 3 30

15 3 40

No No No Yes Tracheal

pericardial

adhesion

Complete

healing

Fibrosis

Inflamation

Dog 13 80 1 14 3 40 No No No Yes Tracheal

pericardial

adhesion

Complete

healing

Fibrosis

Dog 14 80 1 12 3 60 No No No Yes No Complete

healing

Fibrosis
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inflammation was present in 4 animals, fibrosis combined
with ulceration was present in 1 animal, and cartilage regen-
eration was noted in 1 animal.

DISCUSSION
In the preliminary study, TTEP had been shown to be

a feasible technique. The preliminary results may provide
a novel technique for the study of NOTES in the thoracic
cavity.

Transesophageal exploration of the thorax and mediasti-
num has been reported in an animal survival model and hu-
man cadavers. A technical limitation of this method is the
need of persistent insufflation of air to maintain positive
intraesophageal and mediastinal pressure as well as to per-
form evaluations and therapy in the thoracic cavity. The use
of positive pressure in transesophageal thoracic NOTES
procedures carries a substantial risk of barotrauma and ten-
sion pneumothorax.2,7 We suggest that the thoracic cavity
The Journal of Thoracic and Car
can be evaluated with the present technique using either
1-lung ventilation or intermittent apnea. Furthermore,
there is no need to maintain positive mediastinal pressure
in the thoracic cavity during NOTES.
One of the major concerns of using the NOTES approach

in the thoracic cavity is intraoperative life-threatening em-
physema and pneumothorax complications. Our research
group has previously suggested prophylactic placement of
a chest tube to reduce the incidence of intraoperative ten-
sion pneumothorax and to potentially improve operative
and perioperative safety.5,6 In the present study, we
modified our anesthesia technique by placing the long,
homemade endotracheal tube approximately 1 cm above
the carina (distal to the incision); this is in contrast to our
previous study, which used jet ventilation/conventional
proximal endotracheal intubation, with the cuff located
immediately below the vocal cords.5,6,8 This anesthetic
technique provides a relatively safe and stable operative
diovascular Surgery c Volume 141, Number 5 1227



FIGURE 5. Change in white blood cell (WBC) counts in the 11 animals

that survived thoracic exploration and pericardial window creation.

FIGURE 6. C-reactive protein (CRP) levels in the 11 animals that sur-

vived thoracic exploration and pericardial window creation.
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environment; no intraoperative air leaks were encountered,
even though the last 9 animals had not received prophylactic
chest tube placement.

Another major concern in thoracic surgery is mediastinal
or thoracic contamination after NOTES. In the present
study, wemonitored the vital signs and clinical performance
of the animals, in addition to focusing on simple inflamma-
tory parameters such as CBC and CRP. The animals that
survived did not have any septic symptoms or clinical signs
of mediastinitis. An increase in WBC and CRP levels on
day 2 suggested that the transtracheal intervention of the
thoracic cavity induces an inflammatory response in the
thoracic cavity. The increased WBC count returned to nor-
mal in 3 days after the operation. CRP levels decreased 7
days after the operation, and in 7 (64%) of 11 animals,
CRP levels returned to normal in 14 days after the opera-
tion. Moreover, necropsy revealed a clean mediastinum in
all animals. These findings suggest that subclinical infec-
tions and inflammatory responses (induced by transtracheal
intervention) are almost entirely resolved if the secure clo-
sure of tracheal incisions to prevent mediastinal contamina-
tion is achieved.

Different techniques for wound closure in NOTES have
been proposed.9-11 This study demonstrates that the use of
a silicone stent for tracheal incision closure facilitated
wound healing. However, some complications may be
encountered during the operative and postoperative
periods. For example, undersized stents may carry
a higher risk of air leakage complications, and the
discrepancy between the diameter of the airway lumen
and the size of the stent may lead to overgrowth of
granulation tissue. Accurate pre-sizing of stents by introduc-
ing them to the proposed incision site before the creation of
a tracheal wound could increase the accuracy in stent
1228 The Journal of Thoracic and Cardiovascular Sur
selection and thus alleviate postoperative complications.
In addition, using a longer stent (>5 cm) and performing
the transtracheal NOTES procedure through only 1 tracheal
incision could diminish the risk of air leaks after surgery.We
believe that more reliable modalities such as synthetic tissue
adhesive agents or BioGlue surgical adhesive (CryoLife,
Inc, Kennesaw, Ga) may play a role in tracheal wound clo-
sure after transtracheal approach procedures. This would
avoid airway complications after stent placement. Further
studies will be performed in our animal laboratory to clarify
the efficacy of BioGlue surgical adhesive on the repair of
tracheal wounds after transtracheal thoracic NOTES.

There are several advantages of using the present trans-
tracheal approach to the thoracic cavity. First, the rigid in-
strument and sequential dilation technique used in this
study were a practical and accurate method for tracheal
entrance creation. Second, the apical lung region could be
directly evaluated without the need of a retroflexed endo-
scopic maneuver, as reported in previous transesophageal
approaches to the thoracic cavity. Third, the silicone stent
was easy to apply, efficient for tracheal wound closure,
and carried a very low risk of mediastinitis after TTEP.
Last, this transtracheal approach allows early feeding com-
pared with previously reported transesophageal approaches.

The mortality rate in the present study was 21% (3/14 an-
imals). This suggests that this particular approach reflects
difficulties that may be encountered when performing the
transtracheal NOTES and that there is a learning curve.
This approach includes (1) performing the tracheal entrance
using a homemade metal knife (with sharp incisions of the
tracheal wall, in addition to blunt dissection of mediastinal
pleura with a metallic tube used to explore the thoracic cav-
ity), (2) refinement of the endoscopic technique of pericar-
dial window creation (by creating the pericardial window
gery c May 2011



FIGURE 7. A,Autopsy showingmild adhesion over the tracheal incision region. B, Autopsy showingmild adhesion over pericardium. C, Autopsy showing

pleural cavity without infection. D, Complete healing of tracheal incision region without leakage.
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using a low electrocautery setting to decrease cardiac injury
and fibrillation complications), and (3) optimal stent selec-
tion for tracheal incision closure (accurate pre-sizing of the
stent by introducing it into the proposed incision site before
the creation of tracheal wound). We believe that the experi-
FIGURE 8. A, Histologic examination revealed complete healing of the trach

tracheal incision. B, High-power view of wound healing with fibrosis (arrowhea

cheal wall incision with cartilage regeneration (black arrow).

The Journal of Thoracic and Car
ence gained through this approach may lead to a decrease in
perioperative complications.
The main limitation of our study is its preliminary nature

and the fact that the NOTES procedure has been investi-
gated only for minor thoracic procedures such as pleural
eal wall incision with fibrosis. The white arrows indicated the edges of the

ds). C and D, Histologic examination revealed complete healing of the tra-

diovascular Surgery c Volume 141, Number 5 1229
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examination and the creation of pericardial windows. With
a 9-mm tracheal incision and current endoscopic tech-
niques and instrumentation, more complicated thoracic
procedures such as surgical lung biopsies would be chal-
lenging. Although the feasibility of surgical lung biopsies
has been reported in our previous studies, there is a poten-
tial difficulty in resecting pulmonary lesions or ligating the
lung margin after lung resection via the 9-mm tracheal in-
cision. Another possible limitation of this study is our use
of a silicone stent for incision closure. We believe that
there were some technical difficulties in selecting an appro-
priate stent; small stent sizes carry a risk of air leak com-
plications. Better endoscopic techniques and real-time
decisions regarding optimal stent sizes are needed to allow
the efficient closure of tracheal incision. Another limitation
is that only clinical performance and inflammatory param-
eters before and after NOTES were evaluated and included
in the present study. Future NOTES studies of thoracic dis-
eases should focus on hemodynamic conditions during the
operation.

In conclusion, we demonstrated that the transtracheal
approach to the thoracic cavity using thoracic exploration
and pericardial window creation is feasible but carries
a risk of major postoperative complications.With continued
refinement of anesthesia techniques, endoscopic surgical
instrument, and effective and safe devices for closure of tra-
cheal incision sites, transtracheal NOTES could become
a potential diagnostic and therapeutic modality for patients
with thoracic diseases. At present, comparative studies eval-
uating transtracheal access procedures (such as NOTES)
with conventional video-assisted thoracic surgery in a large
animal survival model are mandatory for evaluating the
1230 The Journal of Thoracic and Cardiovascular Sur
roles of the present technique in the thorax before transla-
tion to human applications.

Dr, Yun-Hen Liu had full access to all of the data in the study
and takes responsibility for the integrity of the data and the
accuracy of the data analysis.
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