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Abstract

Tracheal research covers two main areas of interest: tracheal reconstruction and

tracheal fixation. Tracheal reconstructions are aimed at rearranging or replacing

parts of the tracheal tissue using implantation and transplantation techniques. The

indications for tracheal reconstruction are numerous: obstructing tracheal tumors,

trauma, post-intubation tissue reactions, etc. Although in the past years much

progress has been made, none of the new developed techniques have resulted in

clinical application at large scale. Tissue engineering is believed to be the

technique to provide a solution for reconstruction of tracheal defects. Although

developing functional tracheal tissue from different cultured cell types is still a

challenge. Tracheal fixation research is relatively new in the field and concentrates

on solving fixation-related problems for laryngectomized patients. In prosthetic

voice rehabilitation tracheo-esophageal silicon rubber speech valves and

tracheostoma valves are used. This is often accompanied by many complications.

The animal models used for tracheal research vary widely and in most publications

proper scientific arguments for animal selection are never mentioned. It showed

that the choice on animal models is a multi-factorial process in which non-scientific

arguments tend to play a key role. The aim of this study is to provide biomaterials

scientists with information about tracheal research and the animal models used.
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1. Introduction

The trachea can be regarded as a large bore, thin walled cartilage reinforced tube

that connects the larynx with the main bronchi (see figure 1). The lumen of the

tube is covered with ciliated respiratory epithelium (see figure 2). Like other

epithelial tissue the tracheal epithelium is highly reactive to lesions, inducing

proliferation of the underlying cells to initiate wound healing1-3. When this process

is not stopped in time or when scar formation occurs, the tracheal lumen will be

narrowed and the passage of air might be hampered. In case the trachea is

affected by obstructing malacia or stenosis4 caused by perichondritis, chondritis,

tumor, burns, trauma and post-intubation injury, congenital hypoplasia or complete

tracheal rings3,5, a segmental resection of the affected trachea has to be

performed to prevent a patient from suffocation.

After small resections, an anastomosis can restore continuity. However, tracheal

resection disrupts the continuity of the epithelium, which may lead to an

interrupted transport of microparticles and mucous from the bronchi to the mouth,

as well as to the complicated wound healing as mentioned before. When large

resections are needed (e.g. more than 50%) primary anastomosis can hardly be

accomplished because the distance between both ends is too long to close with

sutures. In those cases, the gap has to be closed with an implant or reconstruction

method. When this is not possible the inferior end of the trachea has to be led

outside and fixed to the skin of the neck, a so-called tracheostoma. Due to the fact

that the trachea is partially located outside the thoracic cavity the clinical aspects

are mostly studied by ear, nose and throat and thoracic surgeons. Although many

different reconstructions have been described like slide tracheoplasty,

prosthetics/implants, autografts (tissue transplanted from one part of the body to

another part of the same body), allografts (tissue transplanted from one individual

to another individual of the same species) and tissue engineered constructs, none

of them have yet resulted in a clinical application on a large scale1-32. Tissue

engineering combines the principles of engineering with life sciences for the

development of biological substitutes and restore, maintain or improve tissue

function33.

Another field of research on the trachea concerns laryngectomized patients: the

larynx and surrounding tissues are excised and a tracheostoma has to be created.

Valve systems used for voice rehabilitation are fixed to the skin and the trachea.

This fixation, however, is troublesome and inconvenient. Consequently, there is

still an apparent need for tracheal reconstruction and tracheal fixation research.

Most of this research needs animal studies to validate its possible clinical

applicability.
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Figure 1. Larynx, trachea and bronchii. Henry Gray (1825–1861); Anatomy of the Human Body
1918 (Fig. 961).

Figure 2. Cross-section of tracheal wall. Henry Gray (1825–1861); Anatomy of the Human Body
1918 (Fig. 964).
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The animal models that have been used in this research field vary widely. The

aim of this article is to give a review of tracheal research with regard to the animal

models that were applied, focussing on the animal species used and the purpose

of the experiments.

2. Tracheal (re)construction research

Tracheal reconstructions encompass several surgical techniques aiming at

rearranging or replacing of the tracheal tissue using incisions, excisions or

extirpations, implantation, transplantation, or combinations of these. Small

excisions can be covered by patches, varying from biomaterial grafts to soft tissue

and cartilage patches. Larger reconstructions concern circumferential conduit

excisions followed by implantation of artificial conduits, tracheal transplants or

hybrid autograft techniques. Hybrid autograft techniques contain tissue of the

same individual combined with non-biological materials such as silicone

rubber1,23,27,28,34. This surgery has to result in an airtight tube, avoiding leakage of

air during in- and expiration, thus preventing emphysema and serious infections.

Furthermore, the trachea has to become laterally rigid to prevent collapse during

inspiration and longitudinally flexible to allow neck movements35. Also its lumen

should be lined with a surface of functional ciliated respiratory epithelium (figure

2)3,14-16.20,22,35. Depending on the length of the implant an adequate vascularization

has to be guaranteed1,2,13,24,28. An extended overview of (re)constructions is given

by Grillo13. He categorized the following reconstruction techniques: implantation of

solid and porous foreign materials, non-viable tissues (allografts), vascularized

autogenous tissues (autografts) whether or not combined with artificial materials,

different kinds of non-vascularized tracheal transplantations and tissue

engineering. Also, others concentrated on one of the categories described by

Grillo like circumferential rat tracheal allografts34, stent-assisted laryngotracheal

reconstruction36 and tissue engineering of respiratory epithelial cells37.

2.1 Reconstruction methods and difficulties

Transplantation seems to be the most logic step to reconstruct or replace the

trachea. However, immediate orthotopic reimplantation of an animal's own trachea

after excision (a fresh autograft) was hardly successful13; cryopreserved, irradiated

human donor tracheas showed a relative low immunologic reaction. The treatment

consisted of heating at 57°C for 20 min, preserving at 70°C for 48–72 h, gamma-

radiation for 5 h (25 kGy) and storing until use at 70°C. Nevertheless, cartilage

and perichondrium still can exert a mild antigenicity due to antigenic sites from the
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collagen matrix and in the protein core of proteoglycan molecules29. The authors

claim that these grafts do not require microvascular anastomosis nor

immunosuppressant medication. Strome et al.38 reported one case of a laryngeal

and partial tracheal transplantation with an HLA matching donor graft that

remained viable after 40 months in a 40 year old man. Mitomycin-C, a fibroblast

inhibitor on laryngotracheal wound healing seemed to prevent liquefactive necrosis

of autografts36. Different tracheal transplantations and implant reconstruction

techniques were studied extensively: slide tracheoplasty12,13,32, muscular flaps6,11,

different (T )stents4, thyroid, auricular and costal cartilage graft8, allo- and

xenograft25. In general, it appeared that the longer the graft, the lower the success

rates3,12,13,28.

Reconstruction of the trachea is accompanied by complications such as

(re)stenosis, malacia, foreign body and immune rejection, ischaemic necrosis,

infection, material failure and hemorrhage2,3,10,20,21,25,29.

Different strategies are known to circumvent the problem of ischaemia of a tissue

implant. The first is to use a (micro)porous structure, that allows ingrowth of small

vessels. These structures are hybrid constructs, e.g. composed of a polymer

scaffold or mesh in combination with tissue from another individual but of the same

species. Secondly, there are pedicled tissue transfers of different origin like

omentum majus28, pericardium32, skeletal muscles6 and skin1. The requirements

for using pedicled tissue transfers are that either the source of the transferred

tissue has to be located close to the tracheal defect or that the vessels of the graft

must be long enough to bridge the gap between its origin and the trachea. In this

technique, no reanastomoses of vessels are necessary. The third option is to

excise tissue like skin, including their supply and drainage vessels and reconnect

them at the site of the trachea13.

Solid-type implants such as silicone rubber, glass, silastic or stainless steel

tubes17,24, Dacron, polyurethane, polytetrafluoroethylene (PTFE), polypropylene

(Marlex©) mesh, titanium, porous polyethylene (Medpor®)6 have been tested as

functional and sustainable conduits13. As support, combined with other techniques

like tissue engineering they may function but not as full thickness tracheal

replacement. Because of the low success rates of long solid non-porous tubes

these implants has become obsolete now. Schultz et al.2 suggested a porous

titanium structure for laryngotracheal reconstruction. The integration with tissues

seems to be good with this rather small implant.
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2.2 Tissue engineering

In the field of tracheal research, tissue engineered (assisted) solutions have

gained a lot of interest3,20-22,39-42. In order to maintain the viability of all tissues

within a three-dimensional matrix, the engineered product needs a micro-

vasculature to supply the tissues with all relevant nutrients and oxygen and to

discharge it of waste products14,16,24. The combination of different tissues

(respiratory epithelium, cartilage, blood vessels, etc.) for consequently in vitro and

in vivo culturing is currently one of the biggest challenges in tissue engineering

science. So far combinations of tissue engineered cells (such as chondrocytes of

epithelial cells) with tissue engineered blood vessels are not yet available.

Tracheal tissue is complex. It is composed of chondrocytes, respiratory epithelial

cells, collagen matrix and blood vessels. Chondrocytes can be harvested from the

cartilage of the ear, nasal septum or bone joints and epithelial cells can be

harvested from the nasal mucosa. Cells to use for culturing blood vessels like

endothelial cells and smooth muscle cells can be harvested from arteries or veins.

Expertise increases on tissue engineered one-cell-type constructs. The results of

culturing respiratory epithelium on collagen15,19,22, hyaluronic acid derivative15 and

hydrogel20 look promising. After culturing chondrocytes and ciliated epithelial cells,

the ciliated epithelial cells can be injected into the cylindrical cartilage tubes24 or

mixed and clotted to a capsule surface16. A confluent epithelial layer can be

constructed in this way. Doolin et al.14 managed to glue respiratory epithelial cells

to chondrocyte constructs. The epithelium remained in its original morphology. The

results of in vivo research are poor. Most of the time constructions of chondrocytes

show problems in maintaining viability and early stenosis with respiratory distress.

No results of combined constructs of chondrocytes and ciliated epithelial cells

have been reported suitable for clinical application.

Successful tissue engineering of cartilage tubes or other 3D structures has been

achieved on scaffolds like polyglycolic acid (PGA)23,43, combined with silastic

tubes24, monofilament polypropylene mesh14, polymer fleeces of poly L-lactic acid

coated with poly L-lysin40, demineralized trabecular bovine bone and polyglactin (a

polyglycolic–polylactic-copolymer or (PLGA))18. Also, other combinations were

tested like expanded PTFE, glass-ionomer cement and pHDPE (porous high-

density polyethylene)27. The type of scaffold used is important for the

differentiation of cells. Polymeric gels such as hyaluronic acid, collagen, alginate

and chitosan are not sufficient to control the direction of growth but immobilize the

chondrocytes and permit the maintenance of their phenotype42. Smart scaffolds

could allow properties like controlled release of incorporated inflammatory
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inhibitors, antibiotics, growth factors to modulate growth, differentiation and

angioneogenesis44,45. They might offer a good basis for tracheal reconstructions.

3. Tracheal fixation research

3.1 Laryngectomy

In many patients with advanced or recurrent laryngeal or hypopharyngeal cancer a

total laryngectomy is indicated. During laryngectomy the larynx is removed

completely. This surgical intervention interferes with functions of the larynx:

phonation, respiration and deglutition. The respiratory tract is modified by the

construction of a tracheostoma in the anterior part of the lower neck that bypasses

the upper airway thus making it impossible for patients to speak, smell, filtrate,

heat and humidificate the inhaled air46.

3.2 Rehabilitation

Tracheostoma heat and moisture exchange (HME) filters have been developed

that warm and moisturize the inhaled air artificially. Tracheostoma filters can

reduce tracheal irritation and mucus production47-49. When applied directly after

the first post-operative day, patients stay used to breathing against the normal air

flow resistance (before laryngectomy) at a very early stage. This increases the

success rates substantially49.

In many cases, speech is restored by placing a valve in the wall between trachea

and esophagus. Laryngectomees phonate by closing the tracheostoma manually

and guiding the expirated air through the tracheo-esophageal shunt valve or voice

prosthesis. Mucosal vibrations caused by the airflow are responsible for voice

production. Recently, a voice producing prosthesis has been introduced50,51.

In the rehabilitation process, closing the tracheostoma manually is non-hygienic

and inconvenient. Moreover, by doing so the patient points at his handicap every

time when he or she wants to speak. To enable hands-free speech, a

tracheostoma valve was introduced by Singer and Blom in 1982. It can be closed

by a large spurt of exhaled air47,48,52,53.

3.3 Fixation techniques

For the HME filters and the tracheostoma valves fixation is accomplished by glue

and/or a skin patch, a surgical created chimney, a stoma button or connection to a

canula together with glue or a neck cord. The first option requires a flat surface

and thoroughly cleaned skin around the tracheostoma and often causes irritation

of the skin48,52,54. Sometimes an incision in the front border of the
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sternocleidomastoid muscles helps to flatten peristomal contours55. Airtight and

firm fixation of tracheostoma valves and filters is problematic for many patients.

The fixation of most tracheo-esophageal shunt valves is now established by a

flange in the esophagus and in the trachea. However, this is in many cases not

without local complications, such as granulation tissue, enlargement of the

puncture hole, stenosis and migration of the tracheo-esophageal puncture. This

can result in failure of the valve and the tracheo-esophageal puncture. Leakage is

the most important reason of failure, which can occur in two different ways.

The first being through the shunt valve and second along the shunt valve (peri-

prosthetic leakage), both with different aetiology. Nowadays, all of the tracheo-

esophageal shunt valves implanted are made of silicone rubber, sometimes in

combination with other materials like teflon or metal. Silicone rubber is prone to

biofilm adhesion and ingrowth by yeasts (like Candida species) and bacteria. This

process leads to valve dysfunction: leakage of fluids from the esophagus and

increase in airflow resistance and therefore implies more effort is needed to

speak56-59.

The leakage along the shunt valve is caused by tracheo-esophageal puncture

enlargement or incorrect fitting at the time of implantation. To correct the tracheo-

esophageal puncture, injection of Bioplastique® collagen solution (Bioplasty,

Geleen, The Netherlands), in the surrounding soft tissue sometimes can help

resolving this problem60. In some cases an interposing pectoralis major

myocutaneous flap is needed to close the fistula61. Op de Coul et al.62 reported

that of all replacements of Provox® 2 prostheses 13% were fistula related.

Consequently, improved tracheal fixation systems focussed on both voice

prostheses and HME filters would benefit patients and clinicians.

To improve the fixation of rehabilitation devices for laryngectomees, new concepts

and designs for fixation mechanisms are needed. This can increase patients’

quality of life and decrease costs46. In the recent years a tissue connector concept

for tracheal fixation of the tracheostoma valve and fixation for the voice prostheses

has been designed. This tissue connector consists of a titanium ring, that was

placed in the lumen of the trachea, penetrating the tracheal wall.

For external support a polypropylene mesh was placed around the trachea

and connected to the tracheal ring (see figure 3)52.
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Figure 3. Schematic view of the post-laryngectomy situation. Left and right enlarged: proposed
tissue connector concepts of Geertsema et al.

65
. The dotted line represents the mesh.

4. Animal models

4.1 Considerations

An animal model can be defined as a living organism that in one or more

anatomical or physiological aspects can be compared with the healthy or diseased

man because of the reaction upon external stimuli. Choosing an animal model

therefore strongly depends on the scientific question to be answered and the fact

whether the phenomena studied, are comparable between man and the animal

model. Besides that, also practical aspects seem to play an important role in the

selection of an animal model: availability, required housing, accommodation and

care, manageability, available instrumentation, knowledge, experience and

expertise, and costs63-64.

The optimal animal model for tracheal research should approach the stereometry,

histology, immunology metabolism and physiology of men as close as possible.

The choice of the animal model should therefore depend on the goal of the

research. In large animal models, tracheal diameters, wall thickness and the ratio

between implant or construct and trachea can be compared better with men than

in small animal models.

In case of models for tracheal allotransplantation, outbred animals, like rabbits,

hamsters, guinea pigs are suitable for basic immunological graft assessment.

Genetically defined MHC disparate inbred species, like some mice and rats, are
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suitable for advanced immuno-characterization of the animal model65. For

applications of tracheal tissue engineering large animals should be used (e.g.

goats, sheep). In this way the implanted part of the trachea mimics the human

trachea most (in respect to size and cell numbers). After successful replacement

of small parts of the trachea by tissue engineered constructs, the clinically more

relevant large excisions (>50%) and reconstructions should be studied.

Control groups are difficult to define here. In small reconstructions Fuchs et al.66

took a control group which had autologous free grafts of cartilage from the ear. In

the future the pedicled autograft reconstructions might be a suitable control group

for studies to compare with the vascularized tissue engineered implant, because of

the similarity in blood supply. Tissue engineered constructs seem to play a key

role for large reconstructions in the future.

4.2 Animal studies

Geertsema et al. used goats in his tracheal fixation experiments67 after titanium

showed good biocompatibility68. In theory, the trachea of a goat has similar

horseshoe shaped cartilage semi-rings69-70, antero-posterior and transversal

diameters in comparison to those of humans (see figure 4). However, harvested

Saanen goat (Capra hircus L.) tracheas seem to have inter-individual differences

in diameter and shape (see figure 4-6) (Unpublished results). Wiatrak et al.31

studied autologous cartilage graft epitheliazation in a goat model. The goat was

chosen because the laryngotracheal complex is superficial and easily accessible,

the trachea is similar in size and shape to that of human and the cervical trachea

is long, which in theory should reduce the chance of ascending infection. Fuchs et

al. used 20 pregnant sheep to compare fetal tissue engineering with autologous

free (tracheotomy) grafting for in utero tracheal repair. The engineered tracheas

showed less deformation than the autografted ones. Cartilage was harvested from

the ear or tracheal rings of the fetal lambs.

After mincing the tissue and separating the chondrocytes from their matrix, they

were cultured in medium for 3–4 weeks. Subsequently, PGA mesh pieces of

1 cm2 coated with a collagen solution were dynamically seeded under stirring

condition for 6–8 weeks before they were surgically implanted. This showed to be

a successful technique3. Behrend et al.35 performed mechanical tests on 24

tracheas of German sheep collected from the slaughterhouse to examine the

influence of treatment with trypsin/EDTA (ethylenediamine tetraacetic acid). No

explanation for the choice on sheep was found.
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Figure 4. Cervical trachea (cut) of an adult saane goat.

Figure 5. Five different cervical tracheas of goats provided by the health service for
animals (Deventer, The Netherlands, dept. Pathology). Note the difference in shape of
cartilage semi-rings.

Figure 6. In case of almost "merged" rings it is possible to dissect the rings partial while keeping
the mucosa intact.
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In tracheal replacement experiments with solid implants materials, dogs were

reported to be used in most cases. For implantation of non-viable tissues, studies

in rat, guinea pig and pig were reported13. Newborn piglets were used to mimic

human neonates or infants because of their tracheal size and growth12.

A feasibility study using tissue engineered cartilage cylinders to repair

circumferential defects ranging in 4-6 cartilage rings was performed in nude

(athymic) rats23. Five centimeters circumferential defects were studied in 2-4

weeks old New Zealand white rabbits18 as well as in 2 months old sheep17.

Delaere et al.11 used New Zealand white rabbits for his anterior tracheal patch

repair research but used Dutch-belted rabbits as a donor too. In another report of

57 laryngotracheal reconstructions with thyroid, auricular and costal cartilage

autografts again these rabbits were used8. Construction of artificial trachea with

tissue engineering without creating tracheal defects in nude mice is considered to

be a part of tracheal reconstruction research24.

Table 1 lists common used animal species in tracheal research, as well as the

type of research, the defects studied, the main materials used and the references.

5. Discussion and conclusion

Selection of animal models is prone to many subjective (non-scientific) factors as

experience of the animal caretakers with certain species and environmental

factors such as availability of housing and facilities, personal and financial

resources. That is why so many different animal models are mentioned in the

literature.

Application of the Animal Experiment Science well-known three "R's";

Replacement, Reduction and Refinement give some guidelines that can help

making an ethical decision for experimental models63. First, in vitro research must

be fully exploited to avoid unnecessary use of animals. The choice of the animal

should be well justified in every publication in which animal experiments are used.

In case of long or large tracheal replacements or (re)constructions, the

requirement of size and shape of the trachea is important. In this perspective,

animals with a long cervical tracheal tract like goats seem a good model; similar

size and shape and easy access. Apart from this, in general, it can be stated that

extrapolation to the human setting of results of laboratory animal studies is easier

when large outbred animals are used, because they are considered to have a

similar genetic variability. However, interpretation is made more difficult because

of the same fact. The differences in surface of a tracheal defect to be covered with

epithelial cells between a mouse and goat are self-evident. Also, it can be argued
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that a genetical variation, similar to human beings is included with outbred

species. Nevertheless, interpreting results must be done in a restraint manner

since many factors determine the success.

Most tracheal reconstruction research showed success on small or short

replacements and inserts. In general, the lack of viability of the implant seems to

overrule the positive effects.

In the multi-disciplinary field of tissue engineering the number of in vitro, in vivo

and clinical applications is increasing21,25,42,45,71. In the latter case tissue

engineered skin is used in patients to cover burns. Tracheal reconstruction and

fixation have become a subject of interest here as well. However, before high

success rates can be achieved in repair of large tracheal defects, the behavior and

interactions of all relevant tissue engineered cells (cartilage, mucosa, vessels,

etc.) should be further elucidated in vitro and in vivo.

Separate culturing of the many relevant different cell types in vitro has already

shown to be successful15,19. A few combinations of cartilage or fibrous tissue and

glued tracheal epithelium cells have been reported14,16. Incorporation of arterial

and venous vessels in such constructs is still a challenge ahead since the

vascularization of the native trachea is complex1,11,29,35 and in in vitro cultures the

possibilities of oxygenation in bioreactors is limited. Some procedures contain a

combination of the constructs with a collagen-based glue and implantation with a

vascular anastomosis1 to guarantee sufficient oxygenation and stimulate further

growth. The goal is to avoid multiple surgical treatments for patients. Tissue

engineered constructs are vulnerable. Apart from the time that is available for

manufacturing an implant the construct must be easy to handle and to implant by

the surgeon without damaging it. Therefore, it will demand extra specialist skills,

also suitable equipment still has to be developed25.
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With regard to tracheal fixation, initial research with the tissue connector using a

titanium ring and Marlex® mesh showed promising results67. Titanium is a proven

biocompatible material68 and surface properties can influence the direction and

speed of tissue growth72-74. If a titanium structure, fixed to the trachea67, with the

right surface treatment and initial firm fixation can be realized, this may solve the

problems related to the fixation of filters and tracheostoma valves.

Table 1 shows that several animal species have been used in tracheal research,

varying from small mono-gastric immune deficient nude mice to large domestic

ruminants. Although one could draw the conclusion that almost any animal can be

used for tracheal research, the opposite is true. In fact, the large variety of choice

emphasizes the limitations of animal models, namely to study on (and sometimes

more) aspects that can be compared with men. In many cases species-specific

anatomy, such as the shape and size of the goat trachea, enables comparative

studies. However in some cases, regurgitation of these ruminants, make some

studies impossible. Moreover, some markers for tissue damage and cell adhesion

have never been validated for animal use, different animals react differently on

anesthesia, analgesia, immune suppression and medication.

In conclusion, it can be stated that there is no consensus on the use of animal

models for tracheal research.

Harmonization and standardization are far away due to the complexity of the

tracheal tissue.
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