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Abstract—This article documents experiments performed in
ewes to design an artificial larynx. The artificial larynx is com-
posed of a hollow, porous tube that elongates the trachea and is
capped with a valve that acts as a laryngeal sphincter. Through
an industrial collaboration, our team developed a porous bioma-
terial that can be colonized by cervical tissues. This biomaterial
has been used in animals to replace part of the trachea, but it is
meant to eventually substitute for laryngeal cartilage. The tra-
cheal prosthesis is a hollow cylindrical tube composed of tita-
nium microbeads. We performed a study in large animals to
establish an optimal surgical protocol for tracheal replacement in
humans. The study included 11 sheep (n = 11) and compared
5 methods of implantation. We successfully established an optimal
three-step surgical protocol to make the porous-titanium tracheal
prosthesis functional: (1) large lumen endoprosthetics, (2) colo-
nization by the peripheral tissues, and (3) endoprosthetic epithe-
lialization. This study is the first step in developing an artificial
larynx because it successfully identifies a biomaterial capable of
extending the trachea to allow it to open at the junction of the
upper aerodigestive tracts.

Key words: artificial larynx, epithelium, function, laryngeal
cancer, laryngectomees, outcome, porous titanium, prosthetic
surgery, rehabilitation, sheep, surgical protocol, survival rate.

INTRODUCTION

Extensive squamous cell carcinoma of the larynx and
pharynx could necessitate performing a total laryngec-

851

tomy. More than 57,000 laryngectomees live in the
United States, according to the International Association
of Laryngectomees (http://www.theial.com). The laryn-
gectomy results in severe mutilation because it requires
the anastomosis of the trachea to the skin and the com-
plete separation of the respiratory and digestive tracts.
The disability resulting from the loss of the larynx is a
public health problem [1]. It leads to significant difficul-
ties with social reintegration, because only palliative
measures are available for vocal rehabilitation and the
tracheostomy must be maintained for life.

For several years, our team has been interested in
developing an artificial larynx. This would require creat-
ing a permanent, rigid, biointegrable structure [2-4] to
replace the laryngotracheal tract. This structure, which is
designed to replace a tracheal segment, must be suffi-
ciently rigid to support the proximal insertion of a
neosphincter that opens during respiration and closes
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during the passage of a food bolus and, at best, would
include phonatory capabilities. Laryngeal tissue is com-
parable to tracheal tissue, except for the vocal cords; the
outer layer of the vocal cords consists of perichondrium
and connective tissue, and the inner layer contains carti-
lage covered with mucosal epithelium consisting mainly
of pseudostratified ciliated cells. Tracheal reconstruc-
tions are a step toward laryngeal reconstructions.

The restoration of laryngeal function would begin
with the use of an entirely integrated biomaterial to
extend the proximal tracheal segment remaining after a
total laryngectomy. We chose titanium because it is rou-
tinely used in orthopedic and maxillofacial surgery for its
biomechanical properties and electrochemical stability
[5]. Moreover, titanium is an inert and nontoxic metal
that is insensitive to bacteria and mold. Titanium’s rigid-
ity provides support when it is replacing multiple tracheal
rings. A few years ago, our team designed a porous bio-
material composed of titanium microbeads. The pores
between the microbeads promote the material’s integra-
tion by allowing cellular colonization from surrounding
tissues. We have thereby succeeded in developing the
hollow tube needed to extend or replace part of the tra-
chea. After the trachea is resected and the prosthesis is
placed, the tissues surrounding the prosthesis must fill
the pores in the biomaterial and provide a vascular net-
work to nourish and oxygenate the regenerating endolu-
minal epithelium from the tracheal extremities.

In an initial study, Schultz et al. implanted tracheal
prostheses made from porous titanium in rats that were
rapidly integrated by vascularized colonizing tissue and
later by endoluminal epithelial tissues [2]. After healing,
more than 50 percent of the animals survived until sched-
uled euthanasia between 3 months and 1 year later [2-3].
These data encouraged us to pursue testing in sheep,
whose tracheal diameter is very close to that of humans
[6]. An initial short-term (6-month) study using six ani-
mals was conducted and resulted in well-integrated mate-
rial but with a low survival rate [4]. Implanting the
prostheses in a single step, without an endoluminal sili-
cone tube (the same operative protocol that was used
in the rat study just mentioned), led to stenosis of the
tracheo-prosthetic anastomoses with little endoprosthetic
epithelialization.

These findings led us to research an optimal opera-
tive protocol to improve the impermeability and endolu-
minal colonization of the prostheses. To this end, we
implanted the prostheses in sheep using five different

methods (described in the next section) and compared
their survival rates and histological results. We analyzed
the colonization of porous titanium prostheses with and
without conditioning (placing the prosthesis in muscle
for colonization before implantation) and the use of a sili-
cone tube for endoprosthetic calibration. We also
assessed the improvement in the prostheses’ endoluminal
epithelialization via the application of an endoprosthetic
mucous graft. This study compares and analyzes the clini-
cal and histological results of these five surgical tech-
niques. Our aim was to determine the ideal surgical
procedure for replacing a tracheal segment with a porous
titanium prosthesis in large animals before the procedure
is potentially translated to humans.

METHODS

Manufacturing Prostheses

The tracheal prostheses (Figure 1) were manufac-
tured by PROTIP (Strasbourg, France). They were 400 to
500 pum in diameter and formed from a mixture of tita-
nium beads [4]. The titanium was manufactured accord-
ing to the Association francaise de normalisation (French
Association of Normalization) standards for use of Ti40
as a surgical material. We placed the beads in a mold,
then welded them together by a discharge current. The
pore size between each bead was approximately 150 pm,
i.e., a porosity of about 35 percent. The prostheses were
composed of four layers of beads fused into the shape of
a tube. The dimensions of each prosthesis were 19.7 mm
internal diameter, 23 mm external diameter, and 30 mm
long. A ring of solid titanium reinforced the central part
of the prosthesis to confer more solidity. At each end of
the prosthesis, six 1 mm-diameter holes allowed for
sutures between the prosthesis and the tracheal extremities.

PROTIP also manufactures solid Ti40 titanium pros-
theses that act as the inner liner of the porous titanium
tracheal prostheses. We used the solid prostheses to pre-
vent the proliferation of exophytic endoluminal tissue
and permit the use of mucous grafts to cover the endolu-
minal surface of the porous titanium prostheses. Their
dimensions were 19.2 mm external diameter, 0.5 mm
thick, and 50 mm long.

When we replaced a tracheal segment, we used sili-
cone tubes (stents) for the endoluminal calibration of the
porous titanium prostheses. Their hardness was 50 Shore A;
they were 80 mm long with an internal diameter of 19 mm.
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Figure 1.
Tracheal prosthesis made of porous titanium with double ring of bulk
titanium.

They protruded from each end of the prosthesis by 25 mm,
thus protecting the tracheo-prosthetic anastomoses. The
prosthetics and silicone tubes were sterilized by autoclaving
before implantation.

Animal Model

For this study, we used sheep (n = 11) between the
ages of 4 and 11 months and weighing an average of 60 kg.
Each animal received care in compliance with the Guide for
the Care and Use of Laboratory Animals [7]. The implanta-
tion and explantation operations were performed at the
Institut Mutualiste Monsouris (IMM) in Paris, France.

Anesthesia
All surgeries were performed under general anesthe-
sia. After providing ketamine (6 mg/kg) as intramuscular

premedication, we induced anesthesia by intravenous
administration of sodium thiopental (10 mg/kg). We
maintained anesthesia by ventilation with inhaled halo-
thane (1%-2% isoflurane and 100% oxygen) after
endotracheal intubation. An intravenous injection of cef-
amandol (15 mg/kg) provided antibiotic prophylaxis for
the entire surgical procedure. We maintained postopera-
tive analgesia by intramuscular injections of morphine
salt (0.2 mg/kg) for 5 days.

Surgical Technigques

We performed five different implantation methods:
Implantation method 1 (IM1) (n = 5) involved direct
implantation of the porous titanium prosthesis with an
endoprosthetic silicone tube in place of a tracheal seg-
ment. With the animal in the supine position after a verti-
cal midline cervicotomy, the infrahyoid muscles were
separated from the tracheal axis. After dissecting to the
level of the thyroid, we resected a tracheal segment of six
to seven rings (50 mm). Each tracheal extremity was then
inserted into the prosthesis, which replaced the defect. A
silicone tube was placed in the titanium prosthesis and
sutured to the prosthesis with one proximal and one distal
stitch (vicryl 2.0). For animal 1, the stent-prosthesis
suture was not performed. The porous titanium prosthesis
and the tracheal extremities were joined by eight proxi-
mal and distal sutures (prolene 2.0). Before closing the
skin and the subcutaneous layers without drainage, we
performed a myoplasty to cover the prosthesis and limit
possible peritracheal leakage.

IM2 (n = 2) involved Intramuscular placement of a
porous titanium prosthesis and a solid titanium endopros-
thesis in the quadriceps. After positioning the animal in
the lateral decubitus position, we incised the skin on the
lateral surface of the thigh vertically. The prosthesis and
an endoprosthetic tube of solid titanium were then
housed in a cavity created in the quadriceps muscles. We
then sutured the skin and subcutaneous layers with sepa-
rated stitches of vicryl 2.0. The goal of this technique was
to study the prostheses’ colonization by muscular tissue
in an aseptic environment.

In IM3 (n = 2), implantation was peformed in two
steps:

1. Conditioning of the prosthesis with a solid titanium
endoprosthetic tube under the infrahyoid muscles
(day 0).

2. Implantation of the prosthesis to replace a resected
tracheal segment (day 25).
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After placing the animal in the supine position, we
performed a cervicotomy with a midline vertical incision,
allowing access to the infrahyoid muscles, which we sep-
arated from the tracheal axis. We placed the prosthesis
between the infrahyoid muscles and the trachea and then
inserted a solid titanium tube into the porous titanium
prosthesis. The skin and subcutaneous layers were then
closed with separated stitches of vicryl 2.0.

On day 25 after implantation, we retracted the solid
titanium tube through the same incision and laterally
transposed the porous titanium prosthesis, replacing a tra-
cheal segment of 5 cm (6-7 rings), which we resected
during the same surgery. We inserted the proximal and
distal tracheal extremities into the titanium prosthesis and
joined the junctions of the prosthesis and the tracheal
extremities with 14 sutures of prolene 2.0. Before the
sequential closing of the layers, we performed a myo-
plasty to cover the incision.

In IM4 (n = 1), implantation was performed in two
steps:

1. Conditioning of the prosthesis with a solid titanium
endoprosthetic tube under the infrahyoid muscles
(day 0).

2. Implantation of the prosthesis with a silicone tube to
replace a resected tracheal segment (day 25). We
repeated the surgical technique described in IM3 but
with the additional insertion of a silicone tube. We
placed the tube, extending beyond the ends of the
prosthesis, inside the porous titanium prosthesis and
sutured to it with a proximal and a distal suture (vicryl
2.0) during implantation to replace a tracheal segment.
In IM5 (n = 1), Implantation was performed in three

steps:

1. Conditioning of the porous titanium prosthesis with a
solid titanium endoprosthetic tube under the infrahy-
oid muscles (day 0) for 60 days.

2. Grafting mucosal epithelium from the animal’s buc-
cal floor onto the endoluminal surface of the prosthe-
sis. We placed a tube of solid titanium as an
endoprosthetic to apply the graft (day 60). Together,
the prosthesis and its graft were conditioned for
21 more days.

3. We removed the solid titanium tube, then implanted
the prosthesis and the endoluminal epithelial graft
with an endoprosthetic silicone calibration tube in
place of a tracheal segment (day 81).

After placing the animal in the supine position, we
performed a cervicotomy via a midline vertical incision

to allow access to the infrahyoid muscles, which we sep-
arated from the tracheal axis. We positioned the prosthe-
sis between the infrahyoid muscles and the trachea with a
solid titanium endoprosthetic tube. We then closed the
skin and subcutaneous surfaces with separated stitches of
vicryl 2.0 (day 0).

After 60 days, we took a mucosal epithelium sample
from the floor of the ewe’s mouth. We reopened the cer-
vical incision and used the buccal mucosa to cover the
endoluminal surface of the porous titanium prosthesis
(day 60) after we removed the solid titanium tube placed
on day 0. We inserted another solid titanium tube (with a
smaller diameter than that of the porous titanium prosthe-
sis) into this prosthesis to secure the epithelium to the
endoluminal surface. The prosthesis, covered with the
epithelium on the endoluminal side, was conditioned for
21 days.

After 21 days (day 81), we reopened the cervical
cutaneous incision and laterally transposed the prosthe-
sis, with its endoluminal surface covered with buccal epi-
thelium, to replace a 5 cm tracheal segment (6—7 rings),
which we resected during the same operation. We
removed the solid titanium tube and replaced it with a sili-
cone tube (placed inside the porous titanium prosthesis)
that was sutured to the prosthesis with one proximal and
one distal stitch (vicryl 2.0). Before closing the skin and
subcutaneous tissue, we performed a myoplasty to
improve coverage and limit future leakage.

Clinical and Endoscopic Follow-Up

We performed a daily clinical follow-up. We recorded
data regarding the general well-being of the animals and
their weight throughout the experiment. We performed
endoscopic follow-up (with archival films and photo-
graphs) under general anesthesia weekly during the first
month after tracheal-segment prosthesis implantation,
then every 2 weeks, to evaluate the endoluminal diameter
of the prosthesis and the colonization tissue. Endoscopic
evaluations were also performed in cases of dyspnea and
before scheduled euthanasia.

Histological Analysis

After an observation period ranging from 1 to
14 months, the sheep were euthanized with a mixture of
propofol and potassium chloride. We performed a block
resection, including surrounding tissues as well as the
prosthesis. The tissue was then fixed in 10 percent form-
aldehyde for preservation, dehydrated with an alcohol
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gradient, and embedded in paraffin. We distinguished the
prostheses from surrounding tissue with radiography. We
obtained 5 um-thick sections (equivalent to a horizontal
section under the solid titanium ring and two vertical sec-
tions above and below the ring) with an HM 350 micro-
tome, stained them with hematoxylin-eosin-safran, and
viewed them under an optical microscope (Nikon Eclipse
E 600, Nikon Instruments, Inc; Melville, New York). We
analyzed the tissue integration of the prosthesis, local
inflammatory reactions, the endoluminal colonization of
the epithelium, and the internal diameter. We performed
histological analyses at the IMM and at Biomatech
(Chasse sur Rhone, France).

RESULTS

Clinical Results

The results are reported in the Table. The surgeries and
the immediate postoperative care had no complications.

In IM1 (n = 5), the endoscopic test performed at day
6 on animal 1 showed proximal migration of the stent; it
had not been fixed. We removed the silicone tube on day
13 by endoscopy. The distal anastomosis (the area not in
contact with the stent) exhibited stenosis, which subse-
guently worsened until the animal’s death on day 32. In
contrast, the proximal anastomosis had been calibrated
by the stent and remained nonstenotic. This finding
emphasizes the importance of initial calibration, because
inflammation and the formation of granular tissue are
typically greatest during the first weeks.

The regular endoscopic tests performed on animal 2
showed a large endoprosthetic lumen with good applica-
tion of the silicone tube (Figure 2). The stent was
removed on day 55, with no stenosis found in later endo-
scopic tests. The animal was euthanized on day 119, as
initially planned.

For animal 3, we removed the stent on day 143, after
a surveillance period and a wait for the endoscopic tests
to stop detecting stenosis. Later endoscopic follow-ups
showed an endoprosthetic lumen without any narrowing.
The sheep was euthanized on day 172.

For animal 4, we never removed the stent. The sheep
was generally in good shape throughout the study; the
endoscopic tests show no stenosis. The animal was eutha-
nized on day 419.

Animal 5 showed a favorable clinical and endoscopic
profile similar to that of animal 4. We removed the stent on
day 273, and the animal was euthanized on day 362.

In IM2 (n = 2), we placed prostheses in both thighs of
animal 6. The animal was euthanized on day 400.

We implanted a prosthesis in the right thigh of animal 7,
and the animal was euthanized on day 350.

The skin conditions of the implantation zones
showed no signs of infection. The two sheep were in very
good general health throughout the study.

In IM3 (n = 2), animal 8 died on day 31, 6 days after
the replacement of a tracheal segment with a prosthesis
that had been previously conditioned. Animal 9 died the
day after the implantation. Autopsies revealed necrotic
stenosis of the tracheo-prosthetic anastomoses.

In IM4 (n = 1), animal 10 was in a good general state
and was eupneic after we implanted the prosthesis and
replaced a tracheal segment. A first endoscopic test on
day 28 showed a proximal loop in the silicone tube
(stent) (Figure 3). We removed the stent by endoscopy
on day 35. After exhibiting an intense stridor, the animal
was euthanized. The autopsy revealed an endoprosthetic
proximal stenosis in which the stent was not inserted
because of plication.

In IM5 (n = 1), the sheep was eupneic and in a good
general state throughout the experiment. The animal was
euthanized on day 102 as planned, i.e., 3 weeks after
prosthesis implantation and tracheal segment replace-
ment. The prosthesis exhibited perfect coverage by the
epithelium on the endoluminal surface.

Histological Results

Only IMs 1, 2, and 5 were subjected to histological
analysis because the postsurgical survival of the animals
used for IMs 3 and 4 was too brief to provide prosthetic
integration results. The analysis focused on the macroscopic
and histological evaluation of local tolerance, the depth
of tissue integration, the degree of tissue integration at
the ends of the implanted tracheal prosthesis, and endolu-
minal epithelialization.

The histological sections included both the prosthesis
and the periprosthetic matrix. The vertical sections
allowed us to determine the extent of colonization along
the entire length of the prosthesis. The transverse section
assessed the regularity of peri-, endo-, and transprosthetic
tissue colonization over 360°.
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Table.
Clinical and histological results.
. Prosthe_5|s . Tracheal Silicone . Epithelium in Prosthesis Death (D) or
IM  Animal Implantation in . Stenosis Lumen of : Euthanization
Implantation Tube . Integration
Muscle Prosthesis (E)
IM1 1 No Day 0 Day 0, Distal Absent Absent Day 32D
removal
Day 13
2 No Day 0 Day 0, No Absent GT Day 119 E
removal
Day 155
3 No Day 0 Day 0, No MSE near GT Day 172 E
removal anastomoses
Day 143
4 No Day 0 Day 0, no No RE and SE GT Day 419 E
removal
5 No Day 0 Day 0, No RE near GT Day 362 E
removal anastomoses
Day 273
IM2 6 Day 0 (1 each No Day 0 No No Optimum Day 400 E
thigh)
7 Day 0 No Day 0 No No Optimum Day 350 E
right thigh
IM3 8 Day 0 Day 25 No Anasto- Absent Absent Day 27 D
moses
9 Day 0 Day 25 No Anasto- Absent Absent Day 27 D
moses
IM4 10 Day 0 Day 25 Day 25, Proximal Absent Absent Day 39 D
but proxi-
mal loop,
removal
Day 35
IM5 11 Day 0 + buc- Day 81 Day 81 No RE on 80% Optimum Day 102 E
cal mucosa of lumen
in endolumi-
nal surface
Day 60
GT = granular tissue, IM = implantation method, MSE = metaplastic tracheal epithelium, RE = respiratory epithelium, SE = squamous epithelium.
IM1: Histology of Cervical Blocks, Including Prosthesis ture. The prostheses were surrounded by a tissue matrix,

Macroscopically, the tracheo-prosthetic junctions  Wwith the thickness of the tissue around the prostheses cor-
were difficult to identify; no loosening of the prosthesis  responding to about 50 percent of their diameter. A
was visible. None of the prostheses showed signs of frac-  growth of newly formed fibroepithelial tissue opposite
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Figure 2.
Endoscopic evaluation of animal 2 on day 55 showed large endopros-
thetic lumen with good application of silicon tube.

the juxtaprosthetic endoluminal surface created a partial
stenosis without clinical consequence for animals 2 and
3. By contrast, no sign of stenosis on any section was
detected in animals 4 and 5.

Microscopically, the prostheses were encapsulated
by dense adventitious fibrovascular tissue continuous
with the periprosthetic tracheal tissue. The interface
between the external surfaces of the prostheses and the
capsule consisted of Malpighian epithelium. The prosthe-
sis spaces defined by the microbeads were mainly filled
with cellular debris and inflammatory cells. For animal 3,
a metaplastic tracheal epithelium ran alongside the
extremities of the endoluminal surface of the prosthesis.
For animals 4 and 5, ciliated pseudostratified squamous
epithelium, i.e., respiratory epithelium, was visible on the
endoluminal surface of the distal third of each prosthesis
(Figure 4). Simple squamous epithelium was present on
the central third of the endoluminal surface of animal 4’s
prosthesis (Figure 5).

IM2: Histology of Prosthesis Implanted in Muscular Tissue

Each of the three prostheses was included in the
neighboring muscle. The pores between the microbeads
were infiltrated by mature connective tissue composed of
fibroblasts (Figure 6), collagen, and microvasculature,
with a very small number of multinucleated giant cells.
These results confirmed the very good integration and

Figure 3.
Endoscopic evaluation of animal 10 on day 28 showed proximal look
of silicon tube.

optimal local tolerance of the intramuscularly implanted
prostheses.

IM5: Histology of Cervical Block, Including Prosthesis

Macroscopically, the junctions of the trachea and the
porous titanium prosthesis were difficult to identify, and
the prosthesis showed no signs of fracture. The endopros-
thetic lumen was large, reduced by a maximum of one-
third of its diameter relative to the diameter of the naked
porous titanium prosthesis.

The endoprosthetic surface was covered with squamous
epithelium (about 80% of the total surface) (Figure 7),
except for some scattered fields (about 20% of the surface)
devoid of epithelium and filled with inflammatory tissue
(polynuclear neutrophils and macrophages).

Below this endoluminal squamous epithelium was
supportive fibrous tissue with numerous capillary ves-
sels. This vascularized fibrous tissue extended toward the
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Figure 4.
Scanning electron microscopy view of distal third of animal 5’s pros-
thesis. Ciliated epithelium, i.e., respiratory epithelium, is present.

periphery and filled in the pores of the titanium prosthe-
sis (Figure 8). The presence of fibrovascular tissue
between the titanium microbeads confirmed that the
prosthesis integrated quite well.

DISCUSSION

Total laryngectomy is routinely practiced in cases of
advanced pharyngolaryngeal cancer, when partial surgery
or an organ preservation protocol (radiochemotherapy) is
impossible or likely to fail. Removal of the larynx, with
the loss of phonatory function and the need for a perma-
nent tracheostomy, has dramatic consequences for the
patient. The majority of worldwide research in the field is
focused on vocal rehabilitation, but a few studies have
attempted to abolish the tracheostomy opening, which

Titanium beads

Figure 5.

Histological examination of central third of animal 4’s tracheal pros-
thesis. Lumen is covered with simple squamous epithelium (hematoxy-
lin-eosin-saffron).

would require reestablishing a common passage between
the respiratory and digestive tracts. Our work focused on
designing an implantable laryngeal prosthesis that would
combine a rigid, immovable structure with a biofunctional,
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Figure 6.
Microscopic view of animal 6’s prosthesis after muscle implantation.
Pores between beads are infiltrated by mature connective tissue com-
posed of fibroblasts (hematoxylin-eosin-saffron).

Figure 7.

Histological examination of middle of animal 11’s prosthesis. Squa-
mous epithelium is present in lumen and pores are infiltrated by fibro-
vascular tissues (hematoxylin-eosin-saffron).

movable structure (the upper valve would synchronize
the respiratory and digestive functions). The rigid struc-
ture was designed to lengthen the proximal trachea after a
total laryngectomy.

The search for an ideal tracheal substitute has been
the focus of many studies for more than 50 years. Several
other teams have addressed the same problem of replac-
ing a tracheal segment, but with a goal other than creat-
ing an artificial larynx. In cases of tumoral or traumatic
tracheal lesions extending along more than half of the tra-
chea in adults (or one-third in children), direct anastomo-
sis is impossible to perform, even with maximal tracheal
mobilization. Extended tracheal resections remain an
unresolved surgical problem during reconstruction.
Numerous replacement materials have been tested [8-10]
on animal models, including synthetic prostheses [3—

Titanium beads

Figure 8.
Microscopic view of animal 11’s prosthesis. Vascularized fibrous tis-
sue filled in pores of titanium prosthesis (hematoxylin-eosin-saffron).

4,11], tracheal homo- and allografts [12-13], tissue auto-
and allotransplantations [14-23], and cultured cell seeded
implants [24-25]. Martinod et al. used an aortic allograft
linked to a silicone prosthesis as a tracheal substitute
[14-19]. The initial results, obtained in sheep, were spec-
tacular: the silicone tube was removed after 6 months,
and the aortic tissue was transformed into a real trachea
composed of cartilage organized in rings and covered
with a mucociliary epithelium. The preliminary results in
humans were contradictory. Of six human patients, four
survived after an average follow-up of 34 months and
none benefited from removal of the silicone tube [26]. In
addition, the process of aortic tissue reorganization into a
cartilaginous structure seems delayed in humans because
it was only partially complete after 34 months.

Despite the undeniable value of these results, the use
of this aortic graft may not be suitable for laryngeal
reconstruction. Given its initial flaccidity and the impos-
sibility of removing the silicone prosthesis in humans,
this graft cannot be attached to an upper valve that would
replace the laryngeal sphincter.

The previous work of our team led to the develop-
ment of a biomaterial consisting of an assembly of tita-
nium microbeads [2-4]. This biomaterial meets several
criteria: (1) being mechanically rigid, it provides support
when it replaces tracheal rings; (2) being inert, it limits
detrimental cellular reactions; and (3) it resists aggressive
environments such as those of the upper aerodigestive
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tracts. An implant meant to substitute for laryngeal or tra-
cheal cartilages must have biofunctional properties similar
to those of the respiratory tree. The implant must be per-
fectly integrated, i.e., perfectly colonized by the peripros-
thetic tissue and entirely covered by a respiratory
epithelium on the endoprosthetic surface.

The implantations of uncoated titanium tracheal
prostheses in rats [2—3] offered encouraging results that
allowed us to proceed to implanting tracheal prostheses
in sheep [4]. The first implantations performed in ewes
showed good immediate tolerance; no postsurgical com-
plications occurred. The complications and mortality
occurred secondarily, after infection and prosthetic
obstruction. The implants were obstructed by a thicken-
ing of the tracheal stumps via inflammatory granulation
tissue. The granuloma caused bronchial stasis, which
gave rise to pulmonary infections and the formation of
casts or mucus plugs. Necrotic zones at the junctions of
the tracheal extremities and the prosthesis were also
present in some sheep. Also, the colonization of the pores
of the prosthesis remained poor. The surgical protocol
used in that study (the one-step implantation of a titanium
prosthesis in place of a tracheal segment without a stent)
was considered unsatisfactory.

Throughout our studies with porous titanium prosthe-
ses, we observed no loosening, fractures, or rejections of
prostheses. These results confirm our experience with
mandibular prostheses made of porous titanium in humans
[27]: although the mechanical pressure was high, none of
these problems occurred.

The study described here focused on the implantation
of titanium prostheses in five groups of sheep. Five dif-
ferent surgical protocols were performed. Our goal was
to establish, by comparing the results from each group,
an ideal surgical technique for implanting a porous tita-
nium tracheal prosthesis in large animals. The main crite-
ria necessary for a biofunctional tracheal prosthesis are as
follows: maintenance of a large endoprosthetic lumen,
colonization of the prosthetic pores by fibrous connective
tissue, and development of respiratory epithelium cover-
ing the entire endoluminal surface of the prosthesis.

In IM1 (n = 5), the porous titanium prosthesis was
implanted with a silicone endoprosthetic calibration tube
directly in place of a tracheal segment. Long survivals
were observed in this group (euthanizations occurred on
days 119, 172, 362, and 419). Necrotic zones were almost
nonexistent; the same was true for stenotic zones (which
were completely absent from animals 4 and 5). The sili-

cone tube calibrated the size of the airways [27] and pre-
vented the formation of granulation tissue, which from
our experience is a major cause of fatal airway stenosis
[4]. Granulation tissue stents the proximal and distal
anastomoses while preventing the penetration of mucus
in the luminal pores toward the periphery of the prosthe-
sis. The stent acts as a protective barrier that maintains
the respiratory lumen while counterbalancing intrinsic
and extrinsic pressures, thus acting as a splint. Makris
and Marquette emphasized these findings when treating
tracheobronchial obstructions with a stent and reported
the silicone tube stent’s superiority over the metallic stent
for calibrating the airways [28]. An endoprosthetic epi-
thelium was detected in IM1; it was identified in animal 3
(euthanized on day 172) in the distal extremities of the
endoluminal surface of the prosthesis as a metaplastic
tracheal epithelium. For animals 4 (euthanized on day
419) and 5 (euthanized on day 372), a respiratory (pseu-
dostratified, ciliated) squamous epithelium was identified
endoprosthetically. This epithelium covered the proximal
and distal thirds of the endoluminal surface of the pros-
theses. For animal 4, the central third of the prosthesis
was colonized by a simple squamous epithelium. These
histological results suggest that the respiratory epithe-
lium proliferated from the tracheal extremities that form
the junction with the prosthesis; i.e., it was a continuous
epithelialization. The presence of an endoprosthetic squa-
mous epithelium in IM1 confirmed that the stent did not
hinder respiratory epithelium proliferation. On the con-
trary, by preventing tracheal secretions from penetrating
through the pores, from the lumen toward the exoluminal
part of the prosthesis, the stent allowed the epithelial
cells to proliferate without being subjected to the flow of
mucus.

However, in IM1, the colonization of the prosthesis
pores remained insufficient. A matrix composed of thick,
dense granulomatous and fibrous connective tissue sur-
rounded the prostheses and kept them aligned in the tra-
cheal axis, allowing them to perform their functions;
however, the pores of the prostheses were only filled with
inflammatory cells and cellular debris and not with con-
nective tissue, as had been expected.

To determine whether the problems of cellular colo-
nization of the pores were linked to the premature filling
of the pores with mucus, we performed IM2. The goal of
IM2 (n = 2) was to test only the colonization of the
prosthesis pores in an aseptic environment with simple
muscular contact with the periphery of the prosthesis. In
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this group, the porous titanium prostheses (with an
endoprosthetic tube made of solid titanium) were
implanted in the quadriceps muscles. The histological
analysis of these implants showed perfect integration. All
the pores were filled with mature connective tissue
consisting of fibroblasts that formed a bed capable of
sustaining the proliferation of a viable epithelium to cover
the endoprosthetic surface.

In IM3 (n = 2), we implanted prostheses by replacing
a tracheal segment without the silicone tube after condi-
tioning the prostheses in the infrahyoid muscles for
25 days. The animals used in this procedure died prema-
turely (days 27 and 29). The low survival rate of the
sheep was directly linked to endoprosthetic stenosis or to
necrotic junction zones. Furthermore, the bodies of the
prostheses were covered with endoluminal mucus with-
out colonization. No stenosis at the level of the prosthesis
body was documented; only the tracheo-prosthetic anas-
tomoses were involved. The prior conditioning and colo-
nization of prostheses did not warrant bypassing the use
of a stent. These results support the hypothesis that the
silicone tube is necessary to protect the respiratory lumen
and to stent the junction zones. The role of the silicone
tube as a splint is essential, even with the improved
impermeability of the conditioned prosthesis.

In accordance with these results, a sheep was
implanted with a preconditioned prosthesis made of
porous titanium and with a silicone tube. In IM4, we
replaced a tracheal segment with a porous titanium pros-
thesis conditioned for 25 days and a silicone tube. The
endoscopic tests demonstrated a proximal plication of the
silicone tube, requiring its early removal. The animal was
euthanized 4 days after the stent was removed because of
inspiratory dyspnea associated with proximal endopros-
thetic stenosis by granulation tissue (where the stent
could not function because of plication). This finding
confirmed the importance of correctly applying the stent
on the endoluminal surface.

Endoluminal inflammation, likely promoting steno-
sis, was found in all the IMs when the stent was removed
prematurely. Because the respiratory epithelium migrates
very slowly (only animal 4, euthanized late at 419 days,
showed total colonization of the endoprosthetic surface),
accelerating its proliferation seems necessary. Perform-
ing tracheal reconstructions with a prosthesis whose
endoluminal surface is pre-epithelialized (i.e., immedi-
ately functional) would eliminate the wait for the slow
epithelial migration from the tracheal extremities and the

classic inflammation associated with healing processes.
We also performed IM5 to accelerate endoprosthetic
healing by directly grafting from the oral mucosa to the
lumen of the porous titanium prosthesis while using the
initial technique of conditioning the prosthesis and implant-
ing it with a silicone tube in place of a tracheal segment.

In terms of the quasitotal and immediate coverage of
the endolumenal surface of the prosthesis by a squamous
epithelium, as well as the absence of endoprosthetic
stenosis, the results were very satisfactory. The initial
conditioning provided fibrovascular supportive tissue
(filling in the pores of the prosthesis) to the endoluminal
epithelium, which covered more than 80 percent of the
endoprosthetic surface by 21 days after the prosthesis
was implanted in place of a tracheal fragment.

The method used in this last group appears to be the
only truly effective one. Only one sheep was used for this
technique, for only a short-term study (it was euthanized
21 days after the tracheal prosthesis was implanted). A
long-term study using this method of implantation is
essential for evaluating the tolerance, survival, and histo-
logical development of the endoluminal epithelial graft.
Future studies should include the three following steps:
(1) conditioning the prosthesis, (2) grafting an endolumi-
nal epithelium, and (3) implanting the prosthesis with a
silicone stenting tube in place of a tracheal segment.

The step of directly grafting epithelium endopros-
thetically on a previously cultured prosthesis makes the
tracheal prosthesis immediately functional. This graft can
originate from mucosal epithelium taken endobuccally
(as in IM5). Another approach, which is currently being
developed, colonizes the endoluminal surface of the pros-
thesis in vitro with ciliated cells, thus directly creating a
respiratory epithelium before the prosthesis was
implanted in place of a tracheal segment (collaboration
with Institut National de la Santé et de la Recherche
Médicale Unit 903, Reims, France) [29-30].

CONCLUSIONS

Our research aims to preserve a certain quality of life
for laryngectomees by abolishing the mutilating conse-
guences of the loss of the larynx, i.e., tracheostomy and
complete separation of the respiratory and digestive
functions. For laryngeal function to be recreated, the trachea
must first be lengthened with a hollow, integrated structure
that is vascularized by the surrounding tissues. Numerous
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authors have considered the use of synthetic prostheses to
replace a tracheal segment an inevitable failure, given the
lack of graft epithelialization and/or the presence of tra-
cheal obstruction or prosthetic migration [18,22].

Our team focused its research on replacing a tracheal
segment with porous titanium Ti40 biomaterial. This sheep
study has shown the prostheses’ partial endoprosthetic
colonization by respiratory epithelium and its functional-
ity when replacing a tracheal segment, as authenticated
by long survival of the ewes. However, the optimal inte-
gration of the prosthesis and colonization by a respiratory
epithelium on the whole endoprosthetic surface remains
to be achieved.

By comparing different methods of implantation, this
study yields three main results that need to be considered
to make a porous titanium prosthesis completely biofunc-
tional. Stenoses in the junctions of the prosthesis and tra-
cheal extremities, which cause premature death, were
absent when an endoprosthetic silicone tube was used.
The colonization of the pores of the porous titanium pros-
thesis was improved by the initial implantation of the
prosthesis in a muscle, and the endoprosthetic epithelial-
ization was accelerated by the grafting of amucosal tissue
in the prosthetic lumen. These findings led us to establish
an optimal three-step surgical protocol: (1) precondition-
ing the prosthesis, (2) grafting endoluminal epithelium,
and (3) tracheal implantation, using a silicone tube for
calibration. To reinforce the hypotheses presented in this
study, a long-term study of tracheal prosthetics implanted
according to this technique will be performed soon.
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