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INTRODUCTION

Tracheomalacia is characterized by weakness of the trachea due 
to reduction and/or atrophy of the longitudinal elastic fibers of 
the pars membrane or impaired cartilage integrity [1]. It is a rare 
condition, with uncertain incidence and prevalence. A single-
center study revealed an estimated prevalence of one in 2,100 
children [2]. The treatment of tracheomalacia depends on the 
severity of symptoms. Mild primary tracheomalacia in pediatric 
patients is preferentially treated by nonsurgical means, but ag-
gressive therapy is required in severe tracheomalacia for which 
conservative measures are inadequate [3].
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Objectives. A polydioxanone (PDO) stent was developed to treat tracheomalacia in pediatric patients. However, its safety 
and efficacy need to be verified in animal studies before clinical trials in patients can be conducted. This study evalu-
ated the safety and efficacy of a PDO stent in normal and tracheomalacia-model rabbits. 

Methods. In total, 29 New Zealand white rabbits were used: 13 for evaluating the biocompatibility of the PDO stent in 
normal rabbits and 16 for the creation of a tracheomalacia model. The tracheomalacia model was successfully estab-
lished in 12 rabbits, and PDO stents were placed in eight of those rabbits.

Results. The PDO stent was successfully positioned in the trachea of the normal rabbits using an endoscopic approach, and 
its degradation was observed 10 weeks later. The stent fragments did not induce distal airway obstruction or damage, 
and the mucosal changes that occurred after stent placement were reversed after degradation. The same procedure 
was performed on the tracheomalacia-model rabbits. The survival duration of the tracheomalacia rabbits with and 
without stents was 49.0±6.8 and 1.0±0.8 days, respectively. Thus, the PDO stent yielded a significant survival gain 
(P=0.001). In the tracheomalacia rabbits, stent degradation and granulation tissue were observed 7 weeks after 
placement, leading to airway collapse and death.

Conclusion. We successfully developed a PDO stent and an endoscopic guide placement system. The degradation time of 
the stent was around 10 weeks in normal rabbits, and its degradation was accelerated in the tracheomalacia model. 
The mucosal changes associated with PDO stent placement were reversible. Placement of the PDO stent prolonged 
survival in tracheomalacia-model rabbits. 
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Conventional non-biodegradable stents have been used to se-
cure airway patency and to avoid invasive surgical procedures. 
The first-generation tracheal stent was made of silicone, but mi-
gration of the stent and mucociliary clearance disturbance were 
common problems [4-6]. Moreover, a mortality rate of 32.5% 
was reported in a study of pediatric patients [7]. A mesh-type 
metallic stent allows migration of mucosal cells and regeneration 
of the airway epithelium, thereby facilitating mucociliary clear-
ance [4]. However, restenosis by granulation tissue has been not-
ed following metallic stent placement, resulting in tracheal nar-
rowing and necessitating stent removal [8,9]. In addition, metal-
lic stent placement is associated with high mortality; in one study, 
three out of nine children died of tracheal hemorrhage [10]. 

Biodegradable stents may be effective for children because 
their favorable degradation properties may reduce the trauma 
and adverse effects of stent removal. These studies only included 
a small number of cases, and the few animal studies that have 
been conducted did not use rigorous models, so the natural 
course of these stents has not yet been fully elucidated [11-14].

Polydioxanone (PDO) is widely used for clinical bioabsorb-
able sutures because its biocompatibility enables cell adhesion 
and infiltration [15-18]. PDO monofilaments have been used to 
create a mesh-type stent [19], which has been employed in pe-
diatric patients with airway problems. Although concerns have 
been raised that degraded stent fragments could induce inflam-
mation and obstruction of the distal bronchioles or alveoli, no 
previous study has investigated the safety of this biodegradable 
stent [12,20,21].

For this reason, we designed an in vivo experiment to closely 

mirror the treatment of tracheomalacia in pediatric patients. We 
used rabbits, which have similar-sized tracheas to human infants 
[22], and employed the same stenting procedure as in these pa-
tients. We attempted to answer four key questions: is this biode-
gradable PDO stent safe? Could this biodegradable PDO stent 
be accurately deployed endoscopically to control tracheomala-
cia? How long do the beneficial effects of the stent last? Does 
the PDO stent have detrimental effects on the tracheal mucosa, 
and if so, are these reversible after stent degradation? 

MATERIALS AND METHODS

A stent (Taewoong Medical Co., Gimpo, Korea) of 8-mm diam-
eter and 30-mm length (Fig. 1) was manufactured using commer-
cially available PDO monofilament (Meta Biomed Co., Cheongju, 
Korea). An in vitro degradation test of the PDO stent was per-
formed (Supplementary Material 1).

A total of 29 New Zealand white (NZW) rabbits (male, 3.0–
3.5 kg) were used in this study. The flowchart of the experiment 
for all 29 rabbits is shown in Fig. 2. In all, 13 rabbits were used 
to evaluate the biocompatibility of the PDO stent in a normal 
trachea and 16 were used as tracheomalacia animal models. Of 
the 16, tracheomalacia was successfully established in 12 rab-
bits. All animal procedures were approved by the Institutional 
Animal Care and Use Committee of  Seoul National University 
Hospital and animals were maintained in an Association for As-
sessment and Accreditation of Laboratory Animal Care Interna-
tional-accredited facility (#001169) in accordance with the Na-
tional Research Council’s 2010 Guide for the Care and Use of 
Laboratory Animals, 8th edition.

The surgical procedure was performed according to a previous-
ly described protocol with minor modifications (Fig. 3, Supple-
mentary Material 2) [23]. Tracheomalacia models were created 
in which the anterior tracheal cartilage was resected for a length 
of 2 cm from the third tracheal ring. Collapse of the tracheal lu-
men during breathing after anterior tracheal cartilage resection 
is demonstrated in Supplementary Video 1. Previously, severe 
tracheomalacia was defined as the anteroposterior collapse of 

  An animal model that closely reflected the pathology of pedi-
atric tracheomalacia was developed.

  A biodegradable polydioxanone stent prolonged the survival 
of tracheomalacia animals.

  The outcomes of stents observed in the tracheomalacia-model 
rabbits differed from those in normal rabbits.
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Fig. 1. Polydioxanone (PDO) tracheal stent and endoscopic delivery tools. (A) PDO stent (8×30 mm). (B, C) Transoral tracheal stent delivery 
system. 
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the tracheal lumen during respiration of greater than 75% [24]. 
All tracheomalacia model rabbits met the condition of severe 
tracheomalacia immediately after cartilage resection. Every day 
for a week, each animal was injected with 2 mg/kg gentamicin 
(Daesung Microbiological Labs. Co., Seoul, Korea) and 15 mg/kg 
Sulpyrine (Daesung Microbiological Labs. Co.). Animals were 
monitored daily for clinical signs such as weight changes, cough, 
sputum, wheezing, and dyspnea. An animal was to be euthanized 
immediately when it exhibited a 20% weight loss or symptoms 
of severe respiratory distress. According to the criteria, four of 
six stented tracheomalacia rabbits were euthanized due to respi-
ratory distress. The two others died before severe respiratory 
symptoms developed. The four without-stent tracheomalacia 
rabbits had moderate to severe respiratory distress immediately 
after creation and died without further exacerbations. 

All devices including the PDO stent were sterilized using eth-
ylene oxide gas at 50°C for 16 hours before use. Each animal 
was anesthetized using an intramuscular injection containing 
0.83 mL/kg xylazine (Rompun, Bayer Korea, Seoul, Korea) and 
0.83 mL/kg ketamine (Yuhan Co., Seoul, Korea) and placed in 
the supine position. The stent was manually loaded into a proxi-
mal release delivery system (Taewoong Medical Co.) and endo-
scope-guided stent insertion was conducted. Balloon dilation 
catheters (Inflated balloon OD 6–7–8 mm; CRE Balloon Dilation 
Catheters, Boston Scientific, Marlborough, MA, USA) were used 
for stent expansion (Fig. 1), which was performed at a pressure of 
10 atm (8-mm diameter) for 5 seconds (Supplementary Video 2). 
Clinical signs such as weight changes, cough, sputum, wheezing, 
and dyspnea were monitored daily. Animals were euthanized 
when they exhibited 20% weight loss or symptoms of severe 

Fig. 2. Flowchart of animal experiments. The number of rabbits used in each experiment, and the time and purpose of their sacrifice are 
shown. PDO, polydioxanone; 3D, three-dimensional; micro-CT, micro-computed tomography.
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Fig. 3. Schematic representation showing the process of how to develop the tracheomalacia rabbit model. PDO, polydioxanone.
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respiratory distress.
To evaluate the biodegradation and biocompatibility of the PDO 

stent and recovery of the epithelium after stenting in the normal 
NZW rabbits, the animals were anesthetized with an intramus-
cular injection of 0.83 mL/kg xylazine and 0.83 mL/kg ketamine 
1, 2, 4, 6, 8, 10, and 12 weeks after stent placement. Then the 
airways of the animals were observed using an endoscopic sys-
tem. After 1, 4, 8, and 12 weeks from the stenting, rabbits were 
sacrificed and the full length of the trachea containing the PDO 
stent and the lungs were harvested for morphology and histo-
logical evaluation. The tissues were histologically evaluated by 
hematoxylin and eosin, Masson’s trichrome, Alcian blue, TUNEL 

(terminal deoxynucleotidyl transferase dUTP nick end labeling), 
and immunohistochemical staining (Supplementary Material 3).

Statistical significance was determined by one-way analysis of 
variance using SigmaPlot 12.0 (Systat Software Inc., San Jose, 
CA, USA) and P<0.05 was considered statistically significant.

RESULTS

Stents in the normal trachea
The in vitro degradation test results are presented in Fig. 4 and 
Supplementary Material 1. In the in vivo study, degradation of 

Fig. 5. Bronchoscopy images taken (A) immediately after stenting and (B) 1, (C) 2, (D) 4, (E) 6, (F) 8, (G) 10, and (H) 12 weeks after stenting. 
(G) At 10 weeks, the stent had decomposed, and debris was observed. (H) At 12 weeks, no material was observed inside the trachea.
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Fig. 4. Microscopic images of in vitro degradation of the polydioxanone (PDO) stent at (A) 0, (B) 4, (C) 8, (D) 12, (E) 16, and (F) 20 weeks fol-
lowing stent placement (magnification, ×28). (G) Mechanical strength of PDO stent after degradation in vitro (*P<0.001).
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the PDO stent was not observed until 8 weeks after stent place-
ment, and obvious fractures of the stent as a result of degrada-
tion were observed after 10 weeks (Fig. 5). Nonetheless, no ob-
struction of the airway by fragments of the degraded PDO stent 
was observed. The fragmented stent gradually disappeared at 
the insertion site 12 weeks after stent placement and did not 
cause tracheal granulation. Although we did not definitively 
confirm whether fragments of the degraded PDO stent were ex-
pectorated or fell into the lungs, we considered the possibility 
that some fragments may have entered the lungs. Hence, we ex-
amined the distal airways and alveoli; no abnormalities in the 
distal airway were detected, nor was mucosal damage or inflam-
mation observed (Supplementary Fig. 1).

We evaluated changes in the mucosa of the airway epithelium 
after stenting by histological staining at 1, 4, 8, and 12 weeks. 
As shown in Fig. 6 (the corresponding biopsy sites were shown 

in Supplementary Fig. 2) and Supplementary Fig. 3, 1 week af-
ter stent placement, the airway epithelium located under a strand 
of the PDO stent exhibited tissue damage, as shown by submu-
cosal fibrotic collagen deposition. Moreover, the compressed ep-
ithelium had lost its CK5-positive basal layer and intrinsic respi-
ratory cells such as mucin-secreting goblet cells and ciliated cells 
(β-tubulin-positive cells). However, between 4 and 12 weeks af-
ter stenting, this damaged tissue was regenerated. In detail, al-
though granulation tissue was observed beside a strand of the 
stent that compressed the epithelium at 4 weeks, the thickness 
of this granulation tissue decreased at 8 weeks and the thickness 
of the epithelium recovered to a level comparable to the native 
epithelium at 12 weeks. In addition, the amount of deposited 
collagen gradually decreased and exhibited intrinsic alignment. 
At 4 weeks, CK5-positive cells, which could enhance cell prolif-
eration and tissue regeneration at the basal level, began to be 

Fig. 6. Histological evaluation of the airway epithelium of the normal trachea at (A) 1, (B) 4, (C) 8, and (D) 12 weeks after stenting and (E) no 
stenting. Collagen is stained blue by Masson’s trichrome. Mucin is stained blue by Alcian blue. Nuclei are stained blue by 4′,6-diamidino-
2-phenylindole (DAPI) in immunohistochemistry against CK5 and β-tubulin. The location from which each tissue was sampled is marked in red 
in Supplementary Fig. 2.
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observed and the number of CK5-positive cells significantly in-
creased at 8 weeks. Moreover, the expression of goblet cell-se-
creted mucin was confirmed at 8 weeks, representing functional 
recovery of the airway epithelium. β-tubulin expression was ob-
served in the regenerated epithelium, indicating the regeneration 
of ciliated cells, although the epithelium was not completely 
covered by these regenerated ciliated cells at 12 weeks.

Stents in the animal model
A total of 16 rabbits were used to create the animal tracheoma-
lacia model. This procedure failed four times during tracheal 
cartilage and submucosa layer dissection, so the overall success 
rate was 75.0% (12/16). Of the 12 tracheomalacia-model rabbits, 
eight were stented and four were not stented. Two of the eight 
stented rabbits were sacrificed: one for tracheal three-dimension-
al reconstruction using micro-computed tomography (micro-CT) 
at 4 weeks and the other for a stent size fitting test at 3 weeks. 
Finally, six tracheomalacia rabbits with stents and four without 
stents were used to analyze the survival rate. All the tracheoma-
lacia rabbits without stents died within 2 days (three of them on 
the day of the procedure), and the average survival duration of 
this group was 1.0±0.8 days. The average survival duration of 
the six rabbits with stents was 49.0±6.8 days. Therefore, the PDO 
stent showed a significant survival benefit (P=0.001) (Fig. 7). 

Immediately after tracheomalacia induction, the airway col-
lapsed during the exhalant phase of respiration (Fig. 8). After 
stent placement, the airway did not collapse during respiration. 
Degradation of the PDO stent was observed starting at 4 weeks. 
As in the normal trachea, there was no obstruction of the air-
way by fragments of the degraded PDO stent. At 7 weeks, PDO 
stent degradation and granulation tissue were identified. Be-
cause the longest survival duration of the tracheomalacia rabbits 
was less than 8 weeks, no further observations were possible.

We reconstructed micro-CT images to confirm the mainte-
nance of airway patency in four rabbits (Fig. 9); one set of images 
was taken in in a rabbit with no stent, one was taken in a stented 
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Fig. 8. Serial endoscopic images of the airway (A) after creating tracheomalacia, (B) after stenting, and (C) 1, (D) 2, (E) 4, (F) 6, and (G, H; 
postmortem) 7 weeks after stenting. Yellow arrows (G, H) show a degraded polydioxanone stent.

Fig. 7. Survival of tracheomalacia animals with and without stents. All 
tracheomalacia rabbits without stents died within 2 days. The sur-
vival duration of rabbits with stents was significantly longer than rab-
bits without stents (49.0±6.8 vs. 1.0±0.8 days, P=0.001).
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rabbit before sacrifice, and the other two were taken just after 
death in the stented rabbits. The three-dimensional reconstruc-
tion showed tracheal airway narrowing in the rabbits without a 
stent, but the stent overcame this airway narrowing and main-
tained the patency of the airway. However, at 7 or 8 weeks, dis-
continuity of the stent and airway collapse were observed. The 
middle portion of the stent was the first to collapse. At week 7, 
the stent remained at both ends of the tracheomalacia segment, 
but at week 8 only a small portion of the stent remained in the 
normal tissue outside of the tracheomalacia segment.

DISCUSSION

Airway stents for tracheomalacia are gaining attention because 
their placement is noninvasive [5]. Existing non-degradable stents 
are made of plastic (e.g., silicone) or metal (e.g., stainless steel 
and nickel-titanium) [5]. However, these are associated with mi-
gration, granulation, and mucous plugging, and may necessitate 
risk-associated stent removal [9]. Although the long-term effica-
cy of metallic stents has been demonstrated [8], tracheomalacia 
mainly occurs in growing children; therefore, it is important to 
consider the issue of stent removal and replacement with a larg-
er-diameter stent due to the increase in the internal diameter of 
the trachea [25]. However, it is difficult to remove a metallic 
stent once it is mucosalized.

In this respect, biodegradable stents have both an advantage 
and a disadvantage: the advantage is that extraction of the de-

vice is unnecessary [26], while the disadvantage is that the short 
maintenance period of the stent requires repeated operations. 
There have been individual reports of PDO stent use in tracheo-
malacia patients [11,20]; however, its safety has not been suffi-
ciently established for universal clinical application. One concern 
relates to the disassembled stent fragments, since pediatric pa-
tients have a narrow internal bronchial diameter and may ex-
hibit difficulties in expectoration. Indeed, studies have suggested 
a risk of obstruction due to large stent fragments [12,20]. In this 
regard, more data regarding the safety and efficacy of this PDO 
stent are needed from animal studies before clinical trials in pe-
diatric patients can be conducted. 

Our study had two significant strengths compared to previous 
animal studies. First, the duration of stent maintenance is differ-
ent between normal tracheas and those affected by tracheoma-
lacia, making it necessary to evaluate the safety and efficacy of 
stents in animal models that accurately represent tracheomala-
cia. In our study, an appropriate tracheomalacia model was de-
vised. Because pediatric patients suffering from tracheomalacia 
are the main target group for the stent, we chose NZW rabbits 
because the size of their trachea is similar to that of human in-
fants. Second, the same endoscopic stenting procedure used in 
clinical practice was applied in this animal model. To the best of 
our knowledge, this is the first study to deploy biodegradable 
stents guided by an endoscope in a tracheomalacia model using 
the same procedure as in patients. In most previous studies, the 
trachea was accessed externally with open neck surgery, and the 
majority did not use a tracheomalacia model [26-31]. Novotny 

Fig. 9. Reconstructed micro-computed tomography images of the trachea (A) without a stent 1 day after the induction of tracheomalacia and 
(B-D) with a stent at (B) 4, (C) 7, and (D) 8 weeks after stenting. The upper and lower panels represent axial and longitudinal views, respectively.  
PDO, polydioxanone. 
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et al. [13] employed fluoroscopic-guided insertion, although 
their study was performed in normal rabbits. 

In a previous study of the degradation of PDO in an environ-
ment with a similar temperature and pH to the human body, a 
3% decrease in stent weight was noted after 10 weeks, but only 
13.44% of its initial strength remained [32,33]. In our in vitro 
study, the PDO stent was morphologically stable at 12 weeks 
and degraded at 16 weeks. However, the radial force of the stent 
significantly decreased at 12 weeks. In our in vivo study, all 
PDO stent particles disappeared at 12 weeks in the normal tra-
chea. This stent degradation time in the normal trachea is consis-
tent with previous in vitro and in vivo studies [13,32]. 

In the tracheomalacia model, stridor began to develop after 
about 6 weeks and stented animals died at around 7 weeks. 
Likewise, in the endoscopic study, collapse of the stent was ob-
served around 7 weeks. To the best of our knowledge, this is the 
first study to demonstrate a shortened stent degradation time in 
a tracheomalacia model. Further studies are required to eluci-
date the mechanism underlying this finding, but it may have 
been due to the absence of tracheal rings. As a result, when ro-
tating or flexing the neck, external forces pressing on the tra-
chea are repeatedly applied to the stent, accelerating stent de-
composition. This hypothesis is supported by the reconstructed 
micro-CT images. At 7 weeks, the stent in the tracheomalacia 
segment had disintegrated from the center. At 8 weeks, the stent 
remained under the normal cartilage rings, which may have 
been protected from external forces. As such, the effects of vas-
cular compression, a cause of tracheomalacia, on the stability of 
the PDO stent should be evaluated, since it may be affected by 
the pulsatile compressive force exerted by the vessels. Prior to 
clinical trials, the effects of external compression on the dura-
tion of the effects of the PDO stent should also be evaluated. 

Compression during stent expansion may induce damage to 
the airway epithelium as the cells are squashed, torn, and crushed. 
This can disrupt the structural integrity and biological functions 
of epithelial cells [34]. We observed epithelial cell death and in-
flammation at 1 week after stent placement in the histologic eval-
uation. However, at 4 weeks after stenting, the number of dead 
and inflammatory cells had decreased, and the compressed ex-
tracellular matrix had recovered its thickness and alignment. Al-
though fragments of the degraded PDO stent were observed at 
10 weeks, we consider it likely that degradation occurred gradu-
ally before then and the pressure exerted by the inserted PDO 
stent weakened [32,33]. Hence, we speculate that this reduction 
in compression facilitated the regeneration of the damaged epi-
thelium. Furthermore, CK5-positive cells had regenerated at the 
basal layer at 4 weeks, initiating regeneration of intrinsic respira-
tory function [35]. Moreover, at 12 weeks, mucin and β-tubulin 
expression was identified on the regenerated airway epithelium, 
representing the recovery of mucociliary clearance.

In the bronchoscopic evaluation of the normal rabbits, frag-
mented stents were observed at the insertion sites, but airway 

obstruction by the fragmented particles was not noted. In addi-
tion, no abnormalities were observed in the bronchioles and al-
veoli. It appeared that the stents gradually dissolved during deg-
radation and were not broken into smaller particles. Similarly, in 
the tracheomalacia model, no evidence of particles falling into 
the distal airways after stent degradation was observed.

Stent collapse preceded the deaths of all tracheomalacia mod-
el rabbits. Although we did not conduct re-stenting at this point, 
we identified some questions that should be addressed. First, the 
timing of re-stenting needs to be investigated. In the tracheoma-
lacia model, airway symptoms such as stridor were observed 
starting at 6 weeks, whereas stent collapse was not observed un-
til 7 weeks. The second consideration is whether to remove the 
existing stent fragments when re-stenting is performed. We did 
not observe migration or dislocation of fragments after stent col-
lapse; however, re-stenting without removing residual fragments 
may push those fragments to the distal airways, causing occlu-
sion. Conversely, luminal damage or perforation may occur dur-
ing fragment removal. The third consideration is whether stent-
induced fibrosis could result in more robust mechanical proper-
ties of the malacic segment that would protect against collapse. 
In our study, 7 weeks was not enough to observe this possibility. 
Further research is needed to confirm the timing and method of 
re-stenting.

The study had some limitations that should be noted. First, it 
was difficult to make an animal model. This initial experiment 
had a 75% (12/16) success rate, and it should be performed by 
ENT doctors with experience using micro instruments. Second, 
our model had limited versatility. Removal of the anterior tra-
cheal cartilage does not fully reflect the mechanism of all types 
of tracheomalacia, particularly posterior tracheomalacia. Third, 
as the study was designed for in-depth examination of a PDO 
stent, a comparison to existing metallic or silicone stents was 
not performed. A further comparative study is needed.

We demonstrated the successful development of a rabbit tra-
cheomalacia model. To the best of our knowledge, this is the 
first study to successfully conduct endoscope-guided stent place-
ment in normal and tracheomalacia rabbits. Although the PDO 
stent caused mucosal changes in the normal trachea, these were 
reversible. Furthermore, the stent did not obstruct the distal 
bronchus. In the tracheomalacia model, the PDO stent promot-
ed survival. Notably, however, degradation of the stent occurred 
faster in these tracheomalacia animals; the stent decomposed 
after 7 weeks and all animals died. Further studies are therefore 
required to elucidate the optimal method and timing of re-stent-
ing after stent degradation. 
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