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Surgical Treatments for Glottic, Subglottic and Cervical Tracheal
Stenosis . Laryngotracheal Trough Method and Airway Reconstruction

Koichi Omori, M.D.”, Yasuhiro Tada, M.D.”, Yukio Nomoto, M.D.”, Akiko Tani, M.D.”,
Shin-ichi Kanemaru, M.D.Z), and Tatsuo Nakamura, M.D.?

"Department of Otolaryngology, Fukushima Medical University School of Medicine, Fukushima,
YDepartment of Otolaryngology, Kitano Hospital, Osaka, and
B)Department of Bioartificial Organs, Institute for Frontier Medical Science,
Kyoto University, Kyoto

The etiology of glottic, subglottic and cervical tracheal stenosis includes congenital, inflamma-
tory, traumatic and neoplastic diseases. The area of the stenotic lesion should be evaluated circum-
ferentially and longitudinally. Endoscopy and CT scan present effective diagnostic information of
the stenosis.

In a case with slightly stenotic lesion, T-tube insertion or transoral surgery is applied. In a
case with severe stenosis, a cervical approach, either laryngotracheal trough method or cricotra-
cheal resection, is applied. In the laryngotracheal trough method, scar tissue is removed and a
stent is set into the groove. From three to six months after, reconstructive surgery using the auri-
cle or costal cartilage is performed.

We developed an artificial trachea made of polypropylene mesh and collagen sponge which in-
duced natural tissue regrowth and also elucidated the efficacy and safety of the method in an ani-
mal model. Based on approval of the Institutional Review Board (IRB), regenerative medicine of
the cricoid and cervical trachea was clinically applied. There has been no re-stenosis in ten cases
since 2002.

Key words : glottic, subglottic, cervical trachea, stenosis, laryngotracheal trough method
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MSC ; mesenchymal stem cell, ASC ; adipose-derived stem cell. ECM ; extracellular matrix.
ATRA ; all trans retinoic acid. HGF : hepatocyte growth factor, FGF ; fibroblast growth factor.

PRP | platelet rich plasma
PDGF ; platelet-derived growth factor
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Abstract

Although collagen scaffolds have been used for regenerative medicine, they have insufficient
mechanical strength. We made a weakly denatured collagen fiber scaffold from a collagen
fiber suspension (physiological pH 7.4) through a process of freeze drying and denaturation
with heat under low pressure (I x 10~! Pa). Heat treatment formed cross-links between the
collagen fibers, providing the scaffold with sufficient mechanical strength to maintain the
space for tissue regeneration in vivo. The scaffold was embedded under the back skin of a rat,
and biocompatibility and space maintenance ability were examined after 2 weeks. These were
evaluated by using the ratio of foreign body giant cells and thickness of the residual scaffold.
A weakly denatured collagen fiber scaffold with moderate biocompatibility and space
maintenance ability was made by freezing at —10 °C, followed by denaturation at 140 °C for
6 h. In addition, the direction of the collagen fibers in the scaffold was adjusted by cooling the
suspension only from the bottom of the container. This process increased the ratio of cells that
infiltrated into the scaffold. A weakly denatured collagen fiber scaffold thus made can be used
for tissue regeneration or delivery of cells or proteins to a target site.

(Some figures may appear in colour only in the online journal)

1. Introduction

Various materials have been developed as ‘scaffolds’ for
regenerative medicine, A typical scaffold of synthetic
polymers may contain poly-glycolic acid (PGA), poly-L-lactic
acid (PLLA) and poly-lactic-co-glycolic acid (PLGA), and
scaffolds of natural polymers contain collagen and gelatin.
These scaffolds have been used in clinical practice and yield
adequate results [1-7]. However, PGA, PLLA and PLGA
scaffolds may cause needless adhesion or toxicity because
they may reduce the pH of the surrounding tissue [8-10].

3 Author to whom any correspondence should be addressed.

1748-6041/13/045010+-09$33,00

We found that a collagen fiber scaffold manufactured at
physiological pH was biocompatible and yielded no adhesion.
However, it dissolved before tissue regeneration was complete.
Various modifications may therefore be needed [11-14].
Glutaraldehyde (GA) and N-(3-dimethylaminopropyl)-N’-
ethylcarbodiimide hydrochloride (EDC) are well-known
chemical cross-linkers. Although defects may make chemical
cross-linkers cytotoxic [15], EDC has a relatively low
cytotoxicity and is useful as a cross-linker [12, 14, 16]. UV
is used for physical cross-linking; it does not involve toxic
chemicals [15], but cannot provide sufficient stiffness in a
collagen scaffold [16]. We examined thermal processing as
a simple physical cross-linking method. We made a collagen

© 2013 IOP Publishing Ltd  Printed in the UK & the USA
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fiber scaffold by freeze drying a collagen fiber suspension
with a physiological pH of 7.4. This was followed by
heating under negative pressure. Heating formed cross-links
between the collagen fibers, providing sufficient strength to
maintain a space for tissue regeneration against the pressure
of surrounding tissue or collagenase [17]. In this study,
mechanical strength is defined as the ability to maintain space
for tissue regeneration, rather than mere physical strength;
this characteristic is important for regenerative medicine.
The scaffold was embedded under the back skin of a rat
to determine if it had sufficient biocompatibility and space
maintenance ability to be used as a scaffold for regenerative
medicine.

Collagen forms a molecular structure under acidic
conditions, but forms fibers under neutral conditions, and
the modes shift reversibly, Furthermore, it can be denatured
by exposure to heat (denatured collagen, which contains
0% superhelix structure, is called gelatin). The temperature
by which half of the collagen molecules have lost their
superhelix structure is called the ‘denaturation temperature’.
The denaturation temperature in the dehydrated state is around
112°C{18]. The collagen fiber scaffold evaluated in this study
was freeze dried and heated under negative pressure. Thermal
processing above the denaturation temperature introduced
various chemical changes including cross-linking [19, 20]
and provided mechanical strength [21, 22]. However, as
denaturation and mechanical strength of the scaffold increases,
the host’s foreign-body reaction also increases. As a result,
the scaffold is no longer suitable for use in the body.
Therefore, it is important to create a scaffold with moderate
mechanical strength to minimize foreign-body reaction. In
addition, collagen fiber becomes a barrier with increased
mechanical strength, and the number of cells invading the
scaffold decreases (figure 1(a)). Therefore, our scaffold was
designed to promote cell infiltration by orienting the collagen
fibers (figure 1(b)). As an icy crystal is formed perpendicular
to a cooling surface, orientation was achieved by cooling
a collagen fiber suspension only from the bottom of the
container.

To determine the optimil denaturing conditions to create
an ideal scaffold with excellent space maintenance ability and
biocompatibility, various types of denatured collagen fiber
scaffolds with orientation were embedded under the back skin
of rats. The optimal observation period was determined to be
2 weeks because it was important to maintain the scaffold
at least during the acute or subacute phase of trauma for
tissue regeneration. The in vivo behavior of these implants
was evaluated by determining their space maintenance and
biocompatibility scores.

2. Materials and methods

2.1. Manufacturing of a denatured collagen fiber scaffold

The collagen used in this study was atelocollagen extracted
from young porcine skin by enzymatic treaument with pepsin
(NMP collagen PS, provided by Nippon Meatpackers, Ibaraki,
Japan) and consisting of type I (70-80%) and type 11 collagen.

(a) . (5) Ceil
4 5

4 B
0
o)

Figure 1. Dilference between scaffolds with and without collagen
fiber orientation, (a) schematic illustration of the collagen fiber
without orientation, (b) schematic illustration of the collagen fiber
with orientation (cases a and b demonstrated cell infiltration into the
scalfold, parallel to the collagen fiber), (¢) macroscopic image of a
vertical section of the collagen fiber scaffold without orientation,
(d) macroscopic image of a vertical section of the collagen fiber
scaffold with orientation. (The contrast between figures (¢) and () is
coordinated to show the direction of collagen fiber in the scaffold.)
(¢) Electron-microscopic image of the collagen fiber scaffold
without oricntation, (f) electron-microscopic image of the collagen
fiber scaffold with orientation, (g) scaffold without orientation of the
collagen fiber (H-E image, | week after the operation), () scaffold
with orientation of the collagen fiber (H~E image, 1 week after the
operation), scale bars represent 1000 pem in ¢-h.

From this, the collagen mass (pH 7) was made according to
the protocol provided with the product. Briefly, 30 g NMP
collagen PS was added to 5 1 distilled water (0.6% w/v)
and the mixture was stirred in the refrigerator overnight to
make a collagen solution. After adjusting the pH to 7 with
IN NaOH, the solution was centrifuged to collect the deposit,
which was freeze dried to yield a collagen mass. Next, the mass
was crushed with a grater to yield particles of approximately
2 x 2 x 2mm*and 6 g was added to 200 ml sterilized Milli-Q
water. The mixture was stirred in a Hybrid Mixer (HM-500,
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Figure 2. Containers that provide collagen fiber orientation, (a) 1. The outer frame is made ol styrene foam; 2. Aluminum board; 3. Lid

made of styrene [oam: 4. Paralilm: 5. The inner [rame is a measuring cup made ol paper. (b)) An aluminum board is attached to the bottom of
the outer Irame with vinyl tape, and the inner frame is installed. (¢) The volume of the collagen fiber suspension expands as it freezes and
may touch a lid made of styrene foam. Parafilm is used to prevent mixing of the styrene foam with the collagen. (d) The suspension is
covered with a lid made of styrene foam and fixed with vinyl tape, Cooling is applied [rom the lower side of the container, thus providing

oricatation to the collagen fiber scaffold.

Keyence, Osaka, Japan) for 2 min, then cooled at 4 “C for more
than 30 min. This process was repeated 5 times to yield a 3%
w/v uniform collagen fiber suspension. The suspension was
stored at 4 °C for 12 h to create a uniform suspension. The pH
of the collagen fiber suspension was adjusted to 7.4 with IN
NaOH and stirred in an Ace Homogenizer (HM-500, Nissei,
Tokyo, Japan) at 5000 rpm for 30 min. This allowed the internal
structure of the collagen fiber scaffold to become uniform.
The suspension, which became paste-like, was poured into a
container (figure 2) and frozen at —10 *C, Since an icy crystal
forms perpendicular to a cooling surface, orientation can be
achieved by cooling the collagen fiber suspension only from
the bottom of the container (the fibers will orient perpendicular
to the bottom). After 12 h, the frozen suspension was freeze
dried for 3 days and was heat denatured under low pressure
(I x 107" Pa) to form a denatured collagen fiber scaffold.
Manufacturing conditions are shown in table 1. Since the pore
size of the collagen fiber scaffold within about 5 mm from the
cooling surface is too small and the ratio of cell infiltration
is small, only that portion of the scaffold >5 mm from the
bottom was used. To investigate the internal structure of the
scaffold, scanning electron microscopy was performed prior
to placement in the experimental animals. After being cut into
lem x 1 em x 5 mm sections (figure 3(a)), the collagen
fiber scaffold was sterilized with ethylene oxide gas prior to
implantation.

2.2, Animal and swrgical procedures

Male Wistar rats (500 g, Shimizu Laboratory Supply, Kyoto,
Japan) were used for this study. Under anesthesia induced by

Table 1. Manulacturing conditions for the denatured collagen fiber
scaffold.

pH  P-temp (“C)*  P-time (hours)®
74 50 6

74 100 6

7.4 100 24

7.4 110 6

74 120 6

7.4 120 12

74 120 18

74 120 24

74 130 6

74 140 0 (no denaturation)
74 140 6

74 140 9

74 140 12

74 140 24

74 170 5

74 170 6

* P-temp, processing temperature.
b Pogime, processing time.

intraperitoneal injection of sodium pentobarbital (3 mg/100 g
body weight), each rat was placed in a prone position, Next,
six incisions, measuring about 15 mm in length, were made on
the back skin of each rat, and pockets to embed collagen fiber
scaffolds were made using Pean forceps. Then the collagen
fiber scaffolds were inserted into the pockets. Three pockets
on three individual rats were used for each scaffold. That is,
three scaffolds were used for each manufacturing condition.
After embedding the scaffolds, the skin was closed with



