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An Alternative for Esophageal Atresia Reconstruction
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Background: The authors propose that U-Clips can significantly
decrease the technical difficulty of performing thoracoscopic
esophageal reconstruction, thus, reducing operating time, the
incidence of postoperative leak, and stricture rate.

Methods: After obtaining Institutional Animal Care and Use
Committee approval, 3 4-kg female piglets underwent com-
plete thoracoscopic esophageal transections. The esophagus
was reconstructed thoracoscopically using S50 and S60 U-
Clips over an 8F transanastomotic tube. Esophagrams were
performed on postoperative day (POD) 7, 21, 44, and 77.

Results: Mean operating time was 57 minutes (45 to 75 min).
Two of 3 piglets had no evidence of leak on POD 7 esopha-

grams. One animal had a small leak that resolved spontane-
ously on antibiotics. All 3 piglets tolerated a formula diet
orally by POD 8. Over a 77-day survival period all 3 piglets
had steady weight gain on an oral diet.

Conclusions: U-Clips are a feasible alternative to sutures for
esophageal reconstruction in thoracoscopic surgery. Further
study is warranted to investigate the full potential of U-Clips
in minimally invasive pediatric surgery.
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SOPHAGEAL ATRESIA repair is one of the most
technically demanding thoracoscopic procedures
performed in a newborn. With the introduction of new
technology that decreases the technical difficulty of
esophageal reconstruction, we expect that thoracoscopic
esophageal anastomosiswill be performed safely without
significant postoperative stricture formation.
Development of an animal modd that can mimic a
human newborn infant with an esophageal reconstruction
will alow testing of new technologies. The anima model
should be both physically and physiologicaly similar to a
human infant. Nine-day-old femae swine will be sdected
asthe animal moddl. Their initia starting weight is about 4
kg. In addition, they have the potential for a 10-fold in-
crease in weight during the firgt 2 to 3 months of life.
Coalescent Surgical (Sunnyvale, CA) produces a
novel suture assistance product called U-clips. These
nitinal clips are metallic sutures. They are placed using a
needle just like any other suture, but they “tie” them-
selves (Fig 1). They are small, delicate, and have been
used with good success in both open and thoracoscopic
cardiothoracic bypass surgeries. These clips have been
shown to help increase anastomosis patency in the vas-
cular system.12
This study was designed to examine the utility of the
U-Clip in esophageal reconstruction in a newborn piglet
model.

MATERIALS AND METHODS

Nine-day-old female piglets were used as the animal model (about 4
kg). Before the survival experiments, the procedure was performed on
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3 nonsurviving piglets of comparable size by the operating surgeon in
an attempt to minimize technical error confounding the stricture for-
mation in the survival piglets.

Anesthesia was induced with Isoflourane. Intravenous access was
established either via auricular vein catheterization or cutdown cathe-
terization of the external jugular vein with a size-appropriate catheter.
The piglets were further sedated with midazolam, 0.5 mg/kg intrave-
nously, and then paralyzed with pancuronium bromide, 0.12 mg/kg
intravenously. A perioperative dose of cefazolin (20 mg/kg) was given
intramuscularly before thoracoscopy. General endotracheal tube anes-
thesia was maintained with inhaled isoflurane titrated to effect and
boluses of Fentanyl, 25 to 50 wg/kg intravenously. A warmed operating
table and intravenous fluids were utilized to minimize hypothermia
during the procedure. The animal was placed in the prone position.
Piglets were prepped and draped in a sterile manner with Duraprep.

Right thoracoscopy was performed using a 4-port technique (Fig 2).
The esophagus then was completely transected sharply after being
dissected free of both branches of the vagus nerve. After this, the
esophagus was reconstructed using 8 S50 or S60 U-clips over an 8F
transanastomtic tube. The port sites were closed in 2 layers with Dexon
and Nylon. A 10F chest tube was inserted through the most inferior
3-mm port site and secured to a Heimlich valve on the second and third
survival piglets. Thiswas secured both with sutures and Vet Wrap. The
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operating time, from incision until closure, was recorded. At the end of
the procedure, a Stam gastrostomy tube was placed for postoperative
feedings in the usua manner, and then the piglets were extubated and
awakened from anesthesia. At least 30 minutes before awakening, a 25
ng/h fentanyl patch was sutured in place on the back of the piglets
neck, and an intramuscular dose of flunixin (2.2 mg/kg) was adminis-
tered. Postoperatively, piglets were observed closely and vital signs
checked every 15 to 30 minutes until stable. The fentanyl patches were
left in place for 72 hours. The flunixin was dosed every 12 hours for the
first 48 hours postoperatively. D5/LR was given postoperatively until
tube feedings were begun. Tube feedings were initiated 12 hours
postoperatively with Grade A Ultra 24% Nursing formula. This was
given at a goal of 96 mL/kg/d divided into 6 to 8 boluses daily. Tube
feedings were continued until after the postoperative day (POD) 7
esophagram showed continuity through the Anastomosis into the stom-
ach. After POD 7, piglets were fed formulaad libitum. The piglets were
weaned to a grain diet by POD 14.

The piglets were kept dive for a total of 77 days postoperatively.
They were weighed at least biweekly. The piglets were anesthetized for
noninvasive studies on POD 7, 21, 44, and 77. The esophageal
anastomosis was inspected by esophagoscopy on POD 21 and 44.
Esophagrams were performed on POD 7, 21, 44, and 77 to follow the
growth of the esophagus and the anastomosis diameter. Both posteroan-
terior and lateral chest x-rays were obtained, and the diameters were
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Fig 2. This sketch illustrates the port positions used during this
study. At the start of the procedure, the piglet was placed in the
prone position. Five-millimeter 30° and 45° laparoscopes were used
for visualization. A 3-mm steel suction cannula was used via the lung
retracting port to aid exposure with both retraction and suctioning
when appropriate.
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Fig 1. The U-Clip is a self-closing nitinol clip. The clips
are placed in a similar manner to conventional suture. Once
in place, the clip is released from the suture and needle.
Upon release, the “memory” of the nitinol closes the clip
with consistent strength and size. Panel A shows the U-Clip
being placed in the same manner as suture with a 3.3-mm
laparoscopic needle driver. In Panel B, the needle is pulled
through and elevated approximating the tissue in the “U”
of the Clip. In Panel C, the clip is about to be fired by
compression of the release mechanism with the instrument
on the left. Panel D shows the fired U-Clip closed and in
place.

averaged. Anastomosis measurements were compared with the anasto-
mosis of the distal normal-appearing esophagus.

RESULTS

Thoracoscopic esophageal transections and recon-
structions with U-Clips were performed successfully.
The operating times for the 3 surviva piglets were 75
minutes, 50 minutes, and 45 minutes. The mean operat-
ing time was 56.7 minutes with a standard deviation of
16 minutes. All 3 piglets recovered from anesthesia
without incident. Tube feedings were tolerated well.

During the first postoperative week, the piglets had a
mean weight gain of only 0.03 kg. However, once the
piglets were on an oral diet, they al gained weight (Fig
3). The average daily weight gain during the study period
was 410 g/d with a standard deviation of 50 g. The mean
weight gain for the entire study period was 31.55 kg with
a standard deviation of 3.9 kg.

On the POD 7 esophagram, piglet A had a contained
lesk at the anastomosis. This was treated successfully
with broad-spectrum antibiotics (Penicillin G, 40,000
IU/kg and Baytril, 2.5 mg/kg). Piglets B and C had no
evidence of leak. The U-clips were visible on al 3
piglets. All 3 piglets were begun on an oral diet after the
esophagrams were completed. The average anastomosis
diameter was 5.16 mm with a standard deviation of 1.0
mm. The mean esophagus diameter was 8.33 mm with a
standard deviation of 2.4 mm) (Table 1).

On the POD 21 esophagram piglet A’s lesk was
significantly improved. The other 2 piglets remained
with no evidence of anastomotic leak. The nitinol U-
Clips were no longer visible on any of the films after
POD 7. After the second week postoperatively, the pig-
lets were al tolerating a solid grain diet. Although the
esophageal diameters were observed to increase, the
anastomosis did not increase at the same rate. The mean
esophagus diameter was 9.1 mm with a standard devia-
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tomy tube feeding. After initiation of
oral feeding, the piglets had progres-
sive weight gain.

tion of 1.1 mm. The mean anastomosis diameter was 4.4
mm with a standard deviation of 3.7 mm. On the esopha-
goscopies, the anastomoses were identified. There was a
small exudate covered region of Piglet A’s anastomosis,
presumably the site of the healing leak. The other 2
anastomoses had no abnormalities.

On the POD 44 esophagrams, there were no leaks
evident. The mean anastomosis diameter was 4.5 mm
with a standard deviation of 0.5 mm. The mean esoph-
ageal diameter had increased to 13.1 mm with a standard
deviation of 2 mm. On esophagoscopy of the 3 piglets,
there were no abnormalities.

On the POD 77 esophagrams, al 3 anastomoses were
intact (Fig 4). The mean anastomosis diameter was 4.6
mm with a standard deviation of 1.3 mm. The mean
esophageal diameter was 15.2 mm with a standard devi-
ation of 3.4 mm.

On necropsy, piglet A had scar formation at the
anastomoses consistent with a healed lesk. Piglets B and
C had only normal postoperative adhesions on necropsy.
All 3 anastomoses were identified and dissected grossly.
U-Clips were not present in any of the anastomoses.

DISCUSSION
Esophageal atresia is a congenital disorder that tradi-
tionally requires a thoracotomy within the first few days
of lifefor repair. With advances in thoracoscopy, thereis
potential to dramatically improve the care of children

Table 1. Postoperative Esophagrams

Mean
Mean Esophagus Anastomosis Mean Weight Gain
Diameter (mm) Diameter (mm) (kg)

POD 7 8.33(5.89-10.8)  5.16 (4.42-6.36) 0.03 (—0.36-0.23)

POD 21 9.1(7.9-9.9) 4.44 (2.1-8.7) 2.06 (1.18-2.50)
POD 44 13 (11.4-16.3)  4.46 (3.9-5) 12.23 (11.59-12.95)
POD 77 15.2(11.4-17.8) 4.47 (3-5.5) 31.55 (27.05-33.86)

30 40 50 60 70 80 90
Post-Operative Day

that require thoracic surgery.35 Thoracoscopic esopha
geal atresiareconstruction has been performed. Two case
series of 8 patients each reported strictures requiring
esophageal dilations in 50% of their patients.®” Operat-
ing times have been reported to range from 50 to 250
minutes with one study reporting a mean operating time
of 138 minutes.” Robotic-assisted reconstruction has
been attempted in young piglets but was not superior to
traditional thoracoscopy in a nonsurvival model.2 Be-
cause of these mixed results, the thoracoscopic approach
has been criticized and has not been accepted widely as
appropriate treatment. Reconstructing the esophagusin a
newborn is a complex procedure involving precise place-
ment and tying of sutures not well suited to thoracos-
copy. It has been previously suggested that technical
error has contributed to the high postoperative stricture
rates.” We hypothesized that with the use of suture-
assistance technology, we can decrease the technical
difficulty of performing a thoracoscopic esophageal
anastomosis, thus, improving the short- and long-term
outcome of infants with esophageal atresia by decreasing
the number of complications caused by technical error.
One of the goals of this study was to establish an
anima model that can measure the postoperative stric-
ture rate of an esophageal atresia reconstruction so that
the feasibility of new technologies could be evaluated. In
this study, we proposed the use of female piglets that are
about 4 Kg in weight. Smaller animals have been used in
the past such as rats, but even a very large rat does not
simulate the size or physiology of a human infant.® The
esophagus was transected completely, and then the
esophagus was reconstructed thoracoscopically over an
8F transanastomotic tube with U-Clips. For the purpose
of these initial studies, the anastomoses were created
without tension. However, future studies with removal of
progressively increasing lengths of esophagus could de-
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Fig 4. This is a representative esophagram series from piglet B.
Arrows denote the area of the anastomosis. The circular opaque object
is a quarter taped to the side of the animal to allow standardization of
measurements. This was located the same distance from the x-ray
cassette as the esophagus to compensate for magnification.

termine precisely the gap and tension that a device like
the U-clip can traverse. With the use of noninvasive
studies, it was possible to follow the size of the esoph-
ageal anastomosis over time.

The 9-day-old piglet model proved to be an effective
means to quantitate esophageal anastomosis patency over a
reproducible growth period. The piglets esophagus diam-
eters increased by nearly 10-fold during the study period.
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The esophagrams were senditive at quantitating esophaged
and anastomotic diameters. They were adso sendtive at
detecting leaks. Thefirgt piglet to receive this procedure had
a contained anastomotic leak. It was the opinion of the
authors that a residua pneumothorax contributed to this
development. Thiswas the reason that chest tubes were left
in place on the fina 2 piglets.

During the course of the piglets’ survival, we found
that the anastamoses did not increase in diameter in
proportion to the growth of the esophagus. Although this
resulted in a relative narrowing, the piglets never had a
clinically significant stricture. Based on the esophagram
measurements, the anastomoses did not decrease in di-
ameter yet failed to increase in diameter at the same rate
as the normal dista esophagus. We expect this was
caused by scar formation. It is possible that if the animal
was permitted to grow to 100 Kg, the anastomotic
diameter may have reached a critical threshold prevent-
ing the animal from taking adequate calories by oral diet.
However, during the 10-fold increase in piglet size, we
observed in this study, this did not occur.

We found that the U-Clips were feasible for use in
piglet thoracoscopy for the purpose of creating an esoph-
ageal anastomosis. Although nitinol is not an absorbable
substance, we noted the disappearance of the U-Clips
between the POD 7 and POD 21 films. This finding was
confirmed on necropsy. We expect that they were shed
into the esophageal lumen and passed through the intes-
tina tract. Whereas this was not a detriment to the
piglets, the U-Clips may not be appropriate for use in
applications in which a permanent suture is required.

U-Clips are afeasible alternative to sutures in this piglet
model of esophageal recongtruction. U-Clips potentialy
could reduce the technica difficulty of the procedure in
human newborns. This would make the minimally invasive
procedure available to a larger population of children.
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