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ABSTRACT: Three major problems are currently associated with airway stents:
mucostasis, formation of granulation tissue, and migration. We wanted to deter-
mine whether these problems could be solved by a different stent design.

Based on theoretical considerations of an idealized trachea, we developed a dyna-
mic bifurcation stent made of silicone which incorporates horseshoe-shaped steel
struts. A flexible posterior membrane enables dynamic compression during cough,
whilst the clasps maintain the airway lumen in the face of external compression.
The design of the stent cast was based upon computed tomographic (CT)-scan stu-
dies of the central airways. Its complex shape provides a smoother distribution of
pressure on the mucosa; thereby, lowering the stimulus for granulation formation.
The bronchial limbs saddle on the carina, preventing displacement.

The mechanical behaviours of the new stent and two commercially available stents
were compared in an ex-vivo model, utilizing freshly excised tracheae and new visu-
alization techniques. Dynamic (artificial coughs) and static loads (simulating tumour
compression or pleural pressures) were applied on excised human tracheae with
different stents. Our dynamic stent preserved effective compression of the poste-
rior membrane in response to cough, and also provided lumen stability against
extrinsic compression. In comparison, the two commercially available stents did
not provide both functions equally well.

In conclusion, our newly designed dynamic bifurcation stent shows characteris-
tics which should prove useful in avoiding problems currently associated with air-
way stents.

Eur Respir J., 1994, 7, 2038-2045.

The bronchoscopic placement of endoprostheses into
obstructed airways has become an increasingly accepted
therapeutic approach. Over the last 5 yrs, we have inser-
ted nearly 400 stents into patients suffering from benign
or malignant stenoses, tracheomalacia or fistulae. A vari-
ety of metal and silicone prostheses is available [1-8].
In most cases of central airway stenosis silastic stents
have been used, whilst segmental bronchi stenoses have
mainly been treated with various metal stents [9].

The following problems were frequently encountered
1) accumulation of inspissated secretions inside the pros-
theses; 2) development of granulation tissue at the edges
of stents, with overgrowth of the airway lumen; and 3)
migration of the stents.

In our experience, approximately 15% of all patients
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with silastic stents or T-tubes develop clinically signifi-
cant obstruction of the stent with inspissated secretions
(fig. 1). This phenomenon can be observed regardless
of the stent material or its surface coating. One reason
for this is the fact that there is no ciliary clearance inside
the silicone stents. Moreover, stents do not permit effec-
tive cough, an important mechanism for clearance of
excessive secretions even in the absence of ciliary beat-
ing [10].

Fig. 1. — Inspissated secretion inside a silicone stent. Mucosa above
and below prosthesis is normal.

Normally, the airways, including the trachea, are dyna-
mic. The critical velocity of airflow necessary to move
mucus is achieved, in part, by dynamic reduction of
cross-sectional area [11-13]. Most commercially avail-
able stents are stiff, and do not respond sufficiently to
changes of transmural pressure during forced exhalation
or coughing. Therefore, in a stented airway, adequate
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Fig. 2. — Diagrammatic representation of change in diameter of nor-
mal trachea, trachea with rigid stent during cough, and trachea with
dynamic stent during cough. As flow is equal along the airway, veloc-
ity and, thereby, interfacial shear stress is lowest inside the rigid stent.

velocities and shear-forces can hardly be established.
Thus, a basic feature of a stent for long-term use should
be the ability to respond to cough pressures with rever-
sible reduction of cross-sectional area (fig. 2). In order
to accomplish this, the stent was designed with a flexi-
ble posterior membrane.

Granulation tissue frequently develops at the edges of
endotracheal tubes and stents. In agreement with the lit-
erature [14], we have observed a higher incidence of
excessive granuloma formation with metal stents. It is
possible that the metal itself might be the crucial stim-
ulus [15]. On the other hand, scars and granulation
stenoses are more likely to develop if high localized
pressures (e.g. from a tube cuff) on the mucosa reduce
capillary perfusion and impair tissue nutrition [16, 17].
Thus, the high rate of granuloma formation, especially
with spring-loaded Gianturco stents, might be ascribed
to the disadvantageous relationship between small con-
tact area (with high locally applied pressure from the
thin coils of the spring) to the much larger tissue sur-
face involved. In order to distribute the pressure as equ-
ally as possible over the mucosal surface, we tried to
match, as closely as possible, the shape of the stent with
the shape of the trachea and first generation bronchi.

The outer surface of Dumon silicone stents bears reg-
ularly placed pitted studs to ensure adherence to the air-
way wall [6]. Orrowski [3] stents have circular silicone
rings to avoid intratracheal migration. However, in spite
of these innovations, migration frequently occurs with
silastic stents. In the trachea, in particular, displacements
can be observed in up to 20% if the stenosis fails to
support a stent, a problem often encountered in tracheal
fistulae. Transcutaneous fixation with threads has been
suggested, but due to the high incidence of inflamma-
tory complications, including fistula formation, we have
abandoned this technique. The barbs of Gianturco stents
[4, 5] help to prevent migration but they make later repo-
sitioning or removal difficult. Thus, we designed a bifur-
cating stent saddling on the main carina. The bifurcation
inhibits the stent from twisting or migrating, but allows
for easy bronchoscopic removal.

Based upon theoretical considerations, laboratory expe-
riments in excised tracheae lead to the development of
a new airway stent addressing these three problems.

Material and methods

The experimental work consisted of two parts, shape
design and tests of biomechanical behaviour. For the
shape design of a dynamic stent, radiological measure-
ments of the central airways were made. The data acqui-
red were used to produce casts for stents. A test series
of stents from these casts was made and studies of mec-
hanical behaviour were performed, utilizing an ex-vivo
human trachea model. Biomechanical experiments in-
cluded cough studies, stress-strain measurements under
different pleural pressures, and studies of behaviour un-
der simulated tumour compression.

Shape design of the dynamic stent

In order to match the shape of the stent to the human
airways, computed tomography (CT) was used as an
elegant tool to obtain information about the internal
contour of the trachea and bronchi, in situ [18, 19]. To
cast an airway stent, a detailed blueprint was neces-
sary. One hundred and fifty randomly selected CT
scans of adult patients were analysed. The patients suf-
fered from various lung diseases, not involving the
trachea. The scans were enlarged by a factor of five and
placed on a digitizer (Genitizer 1212). Polar co-ordinates
(36 points-scan'!') of the tracheal edges were fed into a
microcomputer. The data were processed with a statis-
tic program (Systat 5.0) and average shapes at three
levels (1 cm below the vocal cords, middle of trachea
and 1 cm above the carina) were calculated. From the
reconstructed pictures, bifurcation angles between tra-
chea and main bronchi were obtained. These data were
processed with a computer-aided design (CAD) program
(Design CAD 3D, American Small Business Co.). From
the CAD data, casts for bifurcation stents of three sizes
(see Results) were manufactured (Riisch AG, Kernen,
Germany).

Stress-strain measurements in excised trachea

Stress-strain measurements of human tracheae with dif-
ferent stents were carried out in a test chamber. The set-
up (fig. 3) permitted studies of biomechanical behaviour
under conditions of forced expiration, cough, and extrin-
sic compression, modelling the effect of tumours or
inflammatory processes.

The tracheae were placed into a Plexiglas chamber
with a glass window at one side. Through this window,
inward bulging and other deformations of the trachea or
of stents placed inside tracheae could be observed under
different conditions. Using a vacuum or a pressure source
with a water seal connected to the chamber, negative or
positive transmural static pressures could be applied.
Rapid pressure changes emulating cough were applied,
"intraluminal" and "pleural”, by a cough generator. The
cough generator consisted of a diaphragm driven by a
computer-controlled vibration testing device. Transtrac-
heal pressure swings of +5 to -9 kPa could be generated,
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Fig. 3. — Experimental set-up for testing of static and dynamic behaviour of tracheae with stents. Artificial coughs, pleural pressures and tumour

compression from any side can be simulated.

reaching flows up to 9 /:s'!. The cough generator has
been described in detail previously [20]. The distal ends
of the tracheae were attached to a 10 / tank acting as a
lung surrogate.

Loads, simulating tumour compression could be app-
lied to the outside of the excised tracheae with a small
rounded aluminum rod of 3 mm diameter. A ring flash
around the Plexiglas chamber served to illuminate the
area-section of interest. A video-camera with a macro
lens was mounted in front of the glass window. Trig-
gering the flash on changes in pleural pressures or on
the phase of the cough generator permitted sequential
analyses of forced expiration and coughing manoeu-
vres.

Video images were digitized and the cross-sectional
areas of the tracheae were calculated on an Amiga 2000
computer (Commodore), using an inhouse written plani-
metry program. Transmural pressures, loads, and cough
flows were measured with standard instruments, fed into
a microcomputer and displayed on a storage oscilloscope.
Area-pressure curves and area-load curves were plotted
using a spreadsheet program on a PC.

In order to simulate extrinsic compression of the tra-
chea by a tumour or inflammatory process, a variable
load was placed on the trachea either laterally or on the
posterior membranous portion. The stress-strain mea-
surements were performed in excised tracheae alone,
and repeated in tracheae with various airway stents. The
measurements with stents in place were made in ran-
dom order with a Dumon silastic stent, cut to 25 mm
length (Endoxane 16/30, Cometh, Marseille, France) and
a 25 mm long piece of the Dynamic stent (prototype sup-
plied by Riisch, Kernen, Germany), followed by mea-

surements with a Gianturco stainless steel Z-stent (type
15/25 William Cook Co. Europe, Bjaeverskov, Denmark).
Removal of the Gianturco stent was difficult without
damaging the surface of the trachea, necessitating the
use of this stent at the end of the series of measure-
ments.

Results

Shape design

The average sizes and shapes obtained at three levels
of the tracheae are shown in figure 4. The branching
angles between trachea and the main bronchi were mea-
sured as 144.7+4° to the right and 133.3£3° to the left.
Below the cricoid, the average trachea had a longitu-
dinally oval shape, emerging via a round-shaped middle
section towards a transversely oval shape near the bifur-
cation. Figure 5 shows the dynamic bifurcated stent.
Three sizes of stents were manufactured, representing the
mean sizexl sp. The shapes of the three sections, as
shown on the left side of the picture, are derived from
the CT data in figure 4.

Stress-strain measurements

The cross-sectional area of the lumen of excised tra-
cheae were measured under conditions simulating a
cough by applying rapid transtracheal pressure swings
of +3 to -9 kPa with a AP/At slope of 90 kPa-s'' with
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Fig. 6. — Artificial cough in excised human trachea. High gas velocity (flow/area) is accomplished by partial airway collapse at time of peak

flow. Inward bulging of posterior membrane is essential to achieve sufficient interfacial shear stress on mucous layer.
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the cough generator. Figure 6 shows a typical velocity
curve.

As the peak expiratory flow of 8.1 /'s”' matches the
minimum of cross-sectional area, the true peak flow
velocity reaches 87 m-s'. For comparison, figure 6
includes a plot for a rigid trachea with a cross-sectional
area of 1.8 cm? It demonstrates that for a rigid trachea
(or for a rigid stent) peak flow velocity would not exceed
50 m-st.

Static compliance curves of seven tracheae were ob-
tained by applying transmural pressures, which were
increased in steps of 0.1 kPa from O to 20 kPa. The
compliance curves showed variations depending on the
shape of the trachea and the age and medical condition
of the patient at death. Although the absolute values of
the slopes differed, their geometrical shapes were similar.

Stents were placed inside the tracheae and the runs
were repeated. The results, relevant for the development
of the dynamic stent, are shown for one representative
trachea. Area-pressure and area-load relationships of
this trachea with three different types of stents (same
diameter) are displayed in figures 7-9.

The compliance curve (area vs pleural pressure) (fig.
7) of an isolated trachea has an exponential shape. With
a Dumon silastic stent the area-pressure curve of the
trachea is more linear. While the area is approximately
10% of a, at 10 kPa in the trachea alone, it increases
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to approximately 50% of a, with the Dumon stent. The
Gianturco stent does not change the compliance curve
decisively. With a dynamic stent, the compliance curve
remains exponential but has an offset. At 10 kPa the
actual cross-sectional area increases to 18%, compared
to 10% for the trachea without stent.

The area vs load from side curve of the trachea (fig.
8) is linearly shaped. This shape remains while the slope
is heavily affected by the stent placement. The Dumon
silastic stent and the dynamic stent add significant sta-
bility, while the additional recoil effect of the Gianturco
is lower than the resolution of the measuring appara-
tus.

Loaded from the posterior membrane (fig. 9) both the
Dumon stent and the dynamic stent help to retain a suf-
ficient lumen, whilst the Gianturco stent adds only little
to the recoil of the isolated trachea.

Figure 10 shows compliance curves of two tracheae,
alone and with a dynamic stent (silicone hardness 60
Shore). The compliance curves of the trachea from a
patient who had emphysema is significantly steeper than
the curve of the trachea from the patient who died of
heart failure without history of pulmonary disease. How-
ever, the curves after stent placement show hardly any
difference, demonstrating that compared to the stiffness
of the stent, variations of the compliance of normal tra-
cheae are negligible.

Trachea with Dynamic stent

|Excised trachea

Pleural pressure kPa

0 25 5 75 10 1251517520 0 25 5 75 10 1251517520 0 25 5 75 10 12.5 15 175 20
Pleural pressure kPa

Pleural pressure kPa

Fig. 7. — Mechanical behaviour (area vs pleural pressure) of isolated human trachea with three different stents of comparable diameter. a) Trachea
and trachea with Dumon silicone stent. b) Trachea and trachea with self-expanding Gianturco steel stent. c¢) Trachea and trachea with dynamic

stent.
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Fig. 9. — Mechanical behaviour (area vs load from posterior membrane) of isolated human trachea with different stents under simulated tumour
compression. a) Trachea and trachea with Dumon silicone stent. b) Trachea and trachea with self-expanding Gianturco steel stent. c¢) Trachea

and trachea with dynamic stent.
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Fig. 10. — Mechanical behaviour of two tracheae with opposite char-
acteristics, alone and with dynamic stents. Trachea 1 is from an emphy-
sema patient, trachea 2 (dotted) from a patient without history of
pulmonary disease.

Discussion

Theoretical considerations have led to the design of
an airway stent which minimizes stent associated prob-
lems.

Self-expanding wire stents, such as the Gianturco Z-
stent or balloon-expanded Palmaz stents, are eventually
covered by epithelium. Thus, ciliary mucus clearance
can be re-established to a limited extent [21]. However,
their use is limited by some considerations, including:
possible tumour growth through the wire meshes, danger
of perforation, and irreversibility of placement. Due to
their low recoil force, these metal stents cannot resist
marked tumour compression. They are not feasible to
seal tracheo-oesophageal fistulae. Thus, for most pal-
liative procedures, silicone stents, silicone-coated metal
stents, or combinations of metal and rubber stents have
proved to be superior. However, using an indwelling
silicone rubber stent excludes any ciliary-dependent
clearance, and retained secretions can become a clini-
cally relevant problem. Without ciliary clearance, spu-
tum must be expelled by cough or, less efficiently, by
respirations.

Any airstream flowing through a tube with liquid-
covered walls creates an interfacial shear force on that

liquid layer. Above a certain threshold (depending on
thickness and rheology of the liquid and the velocity
and density of the gas) the fluid starts to move in the
same direction as the gas stream. For annular flow
through a wet tube the interfacial shear stress can be cal-
culated as:

T =%Cf,i “p, - U?
where 1, is the interfacial shear stress, C, ; is the inter-
facial friction factor, p, is the density of air, and U is
the mean velocity of airflow [21].

It has been shown [22, 23] that this equation is appli-
cable to the gas/liquid interaction in the airways of pa-
tients with bronchial hypersecretion. It follows that the
shear force on the mucous layer covering the tracheo-
bronchial walls is proportional to the velocity of air-
flow to the power of two. The velocity (cm-s') is flow
(cm?-s!) divided by cross-sectional area (cm?) and, thus,
the shear force is inversely related to the square of
the cross-sectional area. Figure 6 shows flow, area and
velocity curves in a representative trachea in the test
chamber during an artificial cough. The reduction of
cross-sectional area by dynamic compression during
maximum flow contributed substantially to the achieve-
ment of high flow velocity [24]. The calculated velo-
city curve for a completely rigid trachea underscores the
importance of this effect.

In vivo studies of subjects with chronic bronchitis
have shown maximum reduction in tracheal diameter
during coughing of 33.7+4.8% in the trachea and 28.6+
7.1% in the main bronchi [13]. In patients with flow
limitation due to chronic bronchitis or tumour obstruc-
tion, dynamic area reduction becomes an essential fac-
tor for effective cough clearance.

Airway stents, however, by their very nature have to
be stiff. Intended to counterbalance tumour pressures,
they oppose the desirable dynamic area reduction dur-
ing coughs. Under circumferential (pleural) pressure,
simple silastic tubes show a nearly linear pressure-area
relationship, rather different from the behaviour of
real airways. For Gianturco stents a hyperbolic function
for wall-extending force versus radial displacement
was found empirically [25]. The unique pressure-area
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behaviour of a trachea can be expressed mathematically
with the classic Shapiro equation [26, 27].

A=A, (1 —P/P) =

Where n, ranging between 0.5 and 1, varies depend-
ing mainly on the compliance of the tissue and defor-
mation features of the cartilages [28]. The reduction of
cross-sectional area is caused mainly by invagination of
the posterior membrane and only in part by deformation
of the cartilages [29].

The tested Gianturco stent shows ideal coughing be-
haviour. However, it can resist hardly any tumour com-
pression exceeding the extensible forces of the real
trachea. Z-stents with different wires or diameters might
be more feasible for tumour treatment, but we tested
the one that is commercially available and recommen-
ded by the manufacturer. The cylindrical Dumon sili-
cone stent can alleviate a considerable load, but has a
more linear area-pressure behaviour during cough.

The curves show that the desired opposing require-
ments are fulfilled best by the combined steel-silicone
construction. The dynamic stent can counterbalance loads
of up to 600 g on the side and even on the membranous
part without significant reduction in cross-sectional area.
Under cough conditions, the pressure-area behaviour
is geometrically nearly identical to the behaviour of
the trachea alone, but with an additional offset. The off-
set depends on the elasticity of the steel and the hard-
ness of the silicone. We found the combination shown
here suitable for most clinical problems. The invagina-
tion of the posterior membrane with a reduction of cross-
sectional area of 25% under cough is comparable to the
behaviour of the normal trachea.

As the total stiffness in the stented airway is the sum
of the intrinsic stability of the trachea and the recoil of
the stent, it might be necessary to develop stents with
various hardnesses for different diseases. Malacia or a
tracheo-oesophageal fistula might be better treated with
a more compliant model; whereas, lymph-node com-
pression might require a stiffer stent. By changing the
number of steel struts in the dynamic stent or the hard-
ness of its silicone, these aims can easily be achieved.
It could also be useful to replace the steel struts with
temperature dependent Nitinol shape memory alloy.
After folding it together in cold liquid, insertion of the
prosthesis would be facilitated. At body temperature,
the dynamic stent would expand, regaining its biomec-
hanical advantages.

Impaired mucosal blood supply is a key factor for the
development of granulation tissue. In order to minimize
the pressure on the mucosa, the dynamic stent was desig-
ned with a shape, more sophisticated than the shape of
currently available endoprostheses. It is well acknow-
ledged that the human trachea is not round in shape. The
percentages of elliptical, C-, triangular and U-shaped
tracheas and their dependance on sex and age have been
well studied [19, 30, 31]. In addition, the shape of the
trachea changes from the larynx towards the bifurcation.
In order to reproduce as closely as possible the average
shape of the trachea, we analysed cross-sections at three
different levels. The mean of this analysis was taken for

the casts of the stents. It is obvious that only rarely
will an individual patient have a trachea of exactly this
shape, but our stent was considered a clinically reason-
able compromise. Measuring in a supine position (CT),
we found the branching angle between the two main
bronchi with 82+7° slightly bigger than the range of
70-80° that had been measured by others on plain
chest X-rays of healthy subjects in the erect position
[32, 33]. In expiration and in patients with mediastinal
spread of cancer, higher angles of up to 100° have to
be expected [33]. The flexibility of the silicone permits
adaption of 15° without noticeable change in shape or
cross-sectional area of the bronchial arms.

Compared to the tracheal section, the expansile forces
of the bronchial limbs are limited as they are not re-
inforced by steel struts. Theoretically tumour compres-
sion could result in a collapse of these parts of the stent.
However, adding metal rings would have complicated
the insertion of the stent. As the stability of the sili-
cone is comparable to the material used in the well-
established Dumon bronchial stents [6, 14], we consider
them safe enough.

Migration does not occur with the Montgomery T-
tubes [34] or T-Y-tubes [1]. These prostheses are safe
devices, but they lower the patient's quality of life due
to the necessary tracheostomy and impaired speech. We
addressed the problem of potential migration by design-
ing a Y-shaped tracheobronchial stent. The bronchial
arms of the stent anchor it and make migration nearly
impossible. Furthermore, the dynamic properties of the
stent allow rapid adaptions to increases in pressure by
changing its shape; thereby, preventing migration under
cough. Should the dynamic stent be displaced, its de-
sign prevents obstruction, as the folded bronchial limbs
still provide for a sufficient lumen (fig. 11).

In conclusion, we have used theoretical considerations
to guide the development of a bifurcated dynamic air-
way stent. With an ex-vivo model we tested its bio-
mechanical behaviour. Our stent was found suitable for
clinical application as it fulfilled two important require-
ments: cough ability and stability against tumour com-
pression. At the time of writing we have inserted 141

Fig. 11. — If the bronchial limbs are folded together, as during inser-
tion or after cephalad migration, they still provide for a sufficient
lumen.
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dynamic stents into patients suffering from stenoses of
the central airways and oesophagotracheal fistulae. A
special forceps was developed that facilitates insertion
of the bifurcated stent [35]. The expectations from the
experimental work were fulfilled. The clinical results of
the stent placements will be presented in a following
paper. A multi-institutional study, testing efficacy and
safety of the device is currently being performed.
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