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The role of tracheal wall injury 
in the development of benign 
airway stenosis in rabbits
Jie Zhang 2,3, Yue hong Liu 2,3, Zhen yu Yang 1, Zi yi Liu 2, Chang guo Wang 2, Da xiong Zeng 1,2 & 
Jun hong Jiang 1,2*

To investigate the role of tracheal wall injury in the development of benign airway stenosis in rabbits. 
Prospective study. We injured the tracheal walls of 28 New Zealand white rabbits using four different 
methods. Experimental group: Group A (n = 7, mild injury of tracheal mucosa by ordinary brush under 
bronchoscopy); Group B (n = 7, severe injury of tracheal mucosa by nylon brush under tracheotomy); 
Group C (n = 7, tracheal cartilage was injured by vascular clamp after tracheotomy); Group D (n = 7, 
the tracheal cartilage was injured with vascular forceps and the tracheal mucosa was injured with a 
nylon brush after tracheotomy). Bronchoscopy was performed on each experimental rabbit at 1, 2, 
3 and 4 weeks after operation. High-resolution computed tomography (HRCT) and endobronchial 
optical coherence tomography (EB-OCT) were performed at 4 weeks, and the rabbits were sacrificed 
after the examination. Their gross and histological findings were comparatively determined whether 
the experimental rabbit stenosis was established. No airway stenosis was observed in group A. In 
group B, 28.57% of experimental rabbits developed tracheal stenosis (granulation tissue proliferation 
was observed in rabbits No. 2 and No. 6 at 1, 2 and 3 weeks after operation, and the tracheal scar 
contracture was observed in No.6 rabbit at 4 weeks after operation). Fourteen rabbits in group C and 
group D had tracheal stenosis caused by granulation tissue proliferation at 1, 2 and 3 weeks after 
operation. At the fourth week after operation, 71.43% of experimental rabbits had tracheal stenosis 
due to granulation tissue hyperplasia, 7.14% of experimental rabbits had tracheal stenosis due to scar 
contracture and granulation hyperplasia, and 21.43% of experimental rabbits had tracheal stenosis 
due to scar contracture. EB-OCT scan showed that the cartilage layer with low signal reflection band 
was discontinuous. The injury of cartilage is the key factor of benign airway stenosis. Acute injury 
of airway mucosa alone is unlikely to cause airway stenosis, but combined with cartilage injury may 
aggravate airway stenosis. EB-OCT can clearly identify the airway layers of rabbits, which is helpful 
to evaluate the damage of tracheal cartilage and mucosa. The diagnostic potential of this technique 
makes EB-OCT a promising approach for the study and monitoring of airway diseases.

Abbreviations
HRCT   High-resolution computed tomography
EB-OCT  Endobronchial optical coherence tomography
iLTS  Iatrogenic laryngotracheal stenosis
CT  Computed tomography
iSGS  Idiopathic subglottic stenosis
PD-1  Programmed cell death protein 1
TGFβ1  Transforming growth factor β1

Benign airway stenosis is caused by various non-malignant tumor lesions, including tuberculosis, benign airway 
tumors, laryngomalacia or tracheomalacia, and iatrogenic laryngotracheal stenosis (iLTS). In the past, tubercu-
losis was considered the leading cause of benign airway stenosis in  China1. In recent years, some retrospective 
studies in China have found that iatrogenic injuries such as tracheal intubation and tracheostomy are the primary 
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causes of benign airway stenosis in  China2. Airway stenosis is also the most common complication after tracheal 
intubation or tracheotomy, occurring in 10% to 22%3. The pathogenesis of airway stenosis is complex. Hillel 
et al.4 showed that epithelium plays an important role in the formation of idiopathic subglottic stenosis (iSGS) 
and iatrogenic laryngotracheal stenosis. Increasing evidence supports that iLTS is an active fibroinflammatory 
response mediated by dysregulated host  immunity5. Specifically, M2 macrophages and Th2 cellshave been impli-
cated in the pathophysiology of  iLTS5–8, upregulation of immune checkpoints, programmed cell death protein 
1 (PD-1) receptor (CD279) and its major protein ligands, PD-L1 (B7-H1; CD274), binding to CD4 T cells has 
also recently been observed in LTS patients, and TGFβ1 (transforming growth factor β1) has been identified as a 
potential mechanism of PD-L1 upregulation on fibroblasts in  iLTS9. These immune alterations ultimately lead to 
fibroblast activation and increased extracellular matrix deposition, which results in airway  stenosis5,10,11. A num-
ber of methods for inducing airway stenosis in animal models have been described, including brushing, thermal 
ablation damage, chemical damage, endotracheal intubation, and partial cartilage ring  excision12–18. Trauma is an 
important cause of benign airway stenosis. However, the degree of airway wall injury in the formation of benign 
airway stenosis needs to be further explore. In this study, we used different methods to damage the tracheal 
walls of rabbits, and explored the role of airway wall injury in the formation of benign airway stenosis in rabbits.

Materials and methods
Different experimental groups. Twenty-eight 4-month-old New Zealand white rabbits, weighing 2.5–
3.5 kg, from Suzhou Huqiao Biotechnology Co., LTD. (Suzhou, China), were randomly divided into four groups 
(7 rabbits/group): A, B, C, and D. Random numbers were generated using the standard = RAND() function in 
Microsoft Excel. All protocols in this study were approved by the Committee on the Ethics of Animal Experi-
ments of Dushu lake hospital to Soochow University Animal, Suzhou, China (IACUC permit number: 220048), 
in compliance with the Guide for the Care and Use of Laboratory Animals published by the US National Insti-
tutes of Health (NIH publication no.85-23, revised 1996). All methods were carried out in accordance with 
the ARRIVE guidelines and regulations. We employed four different tracheal injury methods, and rabbits were 
groups as follows: Group A (n = 7), tracheal mucosa was slightly damaged by an ordinary brush through tra-
cheoscopy; Group B (n = 7), tracheal mucosa was severely damaged by a nylon brush after tracheotomy; Group 
C (n = 7), tracheal cartilage was injured with a vascular clamp after tracheotomy; and Group D (n = 7), tracheal 
mucosa was injured with a nylon brush and the tracheal cartilage was damaged by a vascular clamp. Severe 
mucosal injury was defined as obvious mucosal floating when the brush was immersed in normal saline after 
use.

Methods of tracheal injury (Table 1). All rabbits were fasted for 6 h before surgery, intramuscularly 
anesthetized with 0.1 mL/kg of xylazine hydrochloride, and placed in the supine position on the operating table. 
After anesthesia, we intubated group A rabbits to the glottis using an endotracheal tube with an inner diameter 
of 6.5 mm in order to avoid destruction of the bronchoscope by the rabbit molars (Fig. 1A). An ordinary brush 

Table 1.  Interventions for experimental rabbits in each group. “ + ” indicates that the measure was applied to 
the experimental animals; “–” indicates that the animals were not treated with the measure.

Group Tracheal mucosa damage Tracheal cartilage damage

A  + −

B  ++ −

C −  ++ 

D  ++  ++ 

Figure 1.  (A) Tracheal intubation in a rabbit; (B) comparison of the incidence of stenosis. *p < 0.05,using 
Fisher’s exact test.
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with a diameter of 5.5 mm was then inserted into the trachea through a bronchoscope, and the tracheal mucosa 
was circumferentially scraped by pushing and pulling the brush 20 times. The anterior neck of each rabbit in 
groups B, C, and D was shaved and sterilized. After a midline skin incision was made in the anterior neck, the 
larynx and trachea were exposed, taking care not to injure the sternohyoid and thoracothyroid muscles. Starting 
1.5 cm from the caudal margin of the cricoid cartilage, the trachea was cut along the smooth muscle and elastic 
fibers between the cartilage rings, and the incision was 2/3 of the circumference of the trachea. In Group B, a 
nylon brush with a diameter of 5.5 mm was inserted into the trachea via the tracheal incision, and the tracheal 
mucosa was then circumferentially scraped by pushing and pulling the brush 20 times. In group C, 2 cricoid 
cartilages on both sides of the tracheal incision were destroyed with vascular forceps. In group D, the tracheal 
mucosa was scraped by the same method as that in group B, and the tracheal cartilage was destroyed by the same 
method as that in group C. After the operation, the brush was immersed in normal saline, and obvious mucosal 
floating was observed in groups B and D. All rabbits in Group B, C, and D were examined for bleeding in the 
trachea, and if necessary, gauze compression hemostasis was applied. After ensuring the vital signs of rabbits in 
all groups were stable, the trachea incision, subcutaneous tissue, and skin were sutured. All rabbits were intra-
muscularly awakened with 0.1 mL/kg Luxingning II after surgery.

Follow-up examination at different time points. The formation of airway stenosis was observed by 
bronchoscopy at 1, 2, 3 and 4 weeks after operation. At week 4, all experimental rabbits underwent bronchos-
copy, endobronchial optical coherence tomography (EB-OCT) and computed tomography (CT). At the end of 
the examination, the experimental rabbits were sacrificed by air embolization, and larynx and trachea specimens 
were obtained. The specimens were fixed in 10% buffered formalin, and some fresh tracheal specimens were 
placed in a freezer at −80 °C.

Airway stenosis was evaluated by CT. Thin-slice scans were performed on a Philips 64-row 128-slice 
CT (Philips, Amsterdam, The Netherlands). The scanning parameters were as follows: layer acquisition thick-
ness: 1 mm, tube voltage: 120 kV, and tube current: 78 mA. The inner diameter of the trachea was measured in 
a fat window (window width 500 Hu, window level −100 Hu)19. The degree of tracheal stenosis was evaluated 
using the following two indexes: the transverse diameter, and the longitudinal diameter of the trachea. The for-
mer index (%) is defined  as20:

where d1 and d2 are the transverse and longitudinal diameters of the narrowest lumen, respectively, and D1 and 
D2 are the transverse and longitudinal diameters 1 cm below the narrowest segment, respectively. According to 
no stenosis, ≤ 25%, 26–50%, 51–75%, 76%-90%, 90% to complete obstruction, the degree of stenosis in animals 
was divided into 0, 1,2, 3, 4, and 5,  respectively21.

Data analysis. Results statistical analysis was performed using SPSS 23.0 software (IBM Corporation, 
Armonk, New York, USA). Fisher’s exact test was used to compare stricture formation rates between groups. 
The degree of stenosis was compared using the Mann–Whitney. A P-value < 0.05 was considered statistically 
significant.

Ethics approval and consent to participate. Obtained from the Medical Ethics Committee of Dushu 
lake hospital to Soochow University (220048).

Results

1. Comparison of the incidence of stenosis (Fig. 1B)
  The total tracheal stenosis rate in the four groups was 57.14% (16/28). The airway stenosis rates of group 

A, B, C and D were 0.00%, 28.57%, 100% and 100%, respectively. The formation rate of airway stenosis in 
Groups C and D was higher than that in Groups A and B. Groups C and D were significantly different from 
Groups A and B (P < 0.05), and there was no difference between Groups A and B (P > 0.05). The degree of 
stenosis in Groups C and D was 16.59–76.29% and 50.59–87.42%, respectively. There was no difference 
between Groups C and D (P > 0.05).

2. Bronchoscopic manifestations of experimental rabbits (Fig. 2)
  In group A, no airway stenosis was observed during the follow-up of bronchoscopy for 4 weeks (Fig. 2A). 

This was also confirmed by tracheal anatomy (Fig. 3A). In group B, granulation tissue was observed in rab-
bits No. 2 and No. 6 at 1 week after operation. At 2, 3, and 4 weeks after operation, the granulation tissue 
gradually increased, and the lumen stenosis further increased in No. 2 rabbit. Scar contracture was observed 
at 4 weeks after operation in No. 6 rabbit (Fig. 2B). These are also consistent with tracheal anatomy (Fig. 3B). 
During the 4-week follow-up period, no stenosis was observed in the remaining five rabbits in group B. After 
tracheoscopy at week 4, one rabbit in group B died and pulmonary edema was found by autopsy.The prolifera-
tion of granulation tissue was observed in the tracheal lumen of 14 rabbits in group C and group D, and the 
granulation tissue gradually increased 2 and 3 weeks after operation. At 4 weeks after operation, granulation 
tissue hyperplasia and scar contracture were observed in the tracheal lumen of rabbits(Fig. 2C,D).This result 
was consistent with the tracheal anatomy(Fig. 3C,D).

3. The CT performance of the experimental rabbits (see Fig. 4A,B)

S = [1− (d1× d2)/(D1× D2)] × 100%,
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Figure 2.  Follow-up pictures of experimental rabbits under bronchoscopy. (A–D) The follow-up pictures of 
experimental rabbits in group A, B, C and D, respectively.

Figure 3.  Examination of a gross specimen. (A–D) The gross anatomy of experimental rabbits in Groups A, 
B, C, and D, respectively. Images (B,D) shows scar contracture (red arrow); Image (C) show granulation tissue 
proliferating (black arrow) with yellowish-white secretions attached to the surface.
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  CT scan of rabbits in group A showed no tracheal stenosis. In group B, CT scan of rabbit No. 2 and No. 6 
showed tracheal stenosis. CT scan of 14 rabbits in group C and group D showed tracheal stenosis.

4. Image characteristics of EB-OCT scans
  EB-OCT scan results of rabbits without airway stenosis in group A and group B were stratified gray scale 

scans according to signal intensity, respectively. In EB-OCT scanning, the mucosa showed weak signals in 
gray, the submucosa showed strong signals in white, the smooth muscle layer showed grayish-white signal 
intensity, and the cartilage layer showed weak signals in black (see Fig. 5A). EB-OCT images of experi-
mental rabbits with tracheal stenosis showed obvious stenosis of the lumen, thickening of the mucosa and 
submucosa (strong signal reflection band), and some layers were projected inward, and the cartilage layer 
was discontinuous (indicated by low signal reflection band) (see Fig. 5C).

5. Pathological results
  In the rabbits without tracheal stenosis, the tracheal mucosal surface showed pseudostratified ciliated 

columnar epithelium, a small amount of inflammatory cell infiltration in the submucosa, and the perichon-
drium and cartilage structure were intact (see Fig. 5B). In the experimental rabbits with tracheal stenosis, 
mucosal necrosis and exfoliation, infiltration of a large number of inflammatory cells in the mucosa and 
submucosa, interstitial congestion and edema, proliferation of submucosal capillaries, formation of granula-
tion tissue, proliferation of fibroblasts, and destruction of cartilage structure were observed (see Fig. 5D–F).

Discussion
The New Zealand white rabbit is the preferred model for the study of human tracheal stenosis, as the rabbit lar-
ynx corresponds closely to that of  humans22. Moreover, the rabbit airway is close to the size and complexity of a 
human  newborn23,24. Similar to the human trachea, the rabbit trachea wall is composed of mucosa, submucosa, 
and adventitia. The mucosa layer includes pseudostratified ciliated columnar epithelium and lamina propria, 
and the submucosa contains loose connective tissue with serous glands. The adventitial layer is composed of a 
C-type hyaline cartilage ring and dense connective tissue. The cartilage rings are connected by smooth muscle and 
elastic fibers. In recent years, with the development of Ultra-thin bronchoscopy, the difficulty of interventional 
operation in rabbit airway has been reduced. Therefore, we chose healthy New Zealand white rabbits to explore 
the role of airway wall damage in the formation of benign airway stenosis. At the same time, it also provides the 
possibility for the interventional treatment of benign airway stenosis animal model.

The concept of OCT was originally developed by D. Huang and J. G. Fujimoto et al. at the Massachusetts 
Institute of Technology in the United States Proposed in  199125. In 2004, Jung et al.26 used OCT to scan the 
trachea of normal rabbits and the trachea of septic rabbits, and compared the results with histopathology. The 
results showed that OCT could detect the hierarchical structure of the trachea in detail, including the epithelial 
layer, mucosa layer, submucosa layer and cartilage layer. The morphological structure of OCT images was similar 
to that of pathological images. In 2009, Williamson et al.27 performed OCT scanning of the human airway and 
compared it with histopathology. The results showed that OCT could display the images of bronchial epithelial 
layer, mucosal layer, cartilage layer and glands, which was highly consistent with histological examination. 
Therefore, we used EB-OCT to visualize the rabbit tracheal.

We used different methods to injure the airway wall of rabbits in different degrees, and the airway stenosis 
was observed by bronchoscopy, HRCT and EB-OCT. The formation of tracheal stenosis observed by HRCT 
and EB-OCT was consistent with the results of bronchoscopy and tracheal anatomy. The EB-OCT images of 
rabbits without tracheal stenosis showed gray-scale images, in which the mucosa showed weak gray signal, the 

Figure 4.  CT scans of rabbits with tracheal stenosis. The CT diagram of the internal tracheal diameter 
measured by the same experimental rabbit fat window (window width 500 Hu, window level −100 Hu): (A) 
normal tracheal lumen, (B) narrow tracheal lumen. CT computed tomography.
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submucosa showed strong white signal, the smooth muscle layer showed gray signal intensity, and the cartilage 
layer showed weak black signal. The EB-OCT images of rabbits with tracheal stenosis formation showed obvi-
ous narrowing of the lumen, thickening of the mucosa and submucosa (strong signal reflection band), some 
layers projecting inward, and discontinuity of the cartilage layer (low signal reflection band). In group B, the 
tracheal wall of the 5 rabbits without tracheal stenosis was cut and sutured along the smooth muscle and elastic 
fibers between the cricoid cartilage, but no stenosis was found by bronchoscopy, HRCT, EB-OCT and tracheal 
anatomy. It can be seen that simple tracheotomy and incision suture do not cause stenosis of the rabbit tracheal. 

Figure 5.  (A) EB-OCT images of rabbits without airway stenosis, (B) airway histological characteristics 
of rabbits without airway stenosis (HE; original magnification ×40). (C) EB-OCT images of rabbits with 
airway stenosis, (D,E) airway histologic characteristics of rabbits with airway stenosis. D (HE; original 
magnification ×100) and (E) (HE; original magnification ×200) airway stenosis showing ciliated columnar 
epithelial necrosis and shedding, a small amount of residual epithelial tissue, the submucosal fibrous tissue 
proliferating and protruding into the tracheal lumen, inflammatory cell infiltration in the interstitium (yellow 
circle), the smooth muscle of the tube wall is broken and atrophied, and the focal cartilage is damaged 
(red pentagram); (F) fibroblastic proliferation EB-OCT endobronchial optical coherence tomography, HE 
hematoxylin–eosin, EP epithelial, LP laminae propria, SM submucosa.
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In group A and group B, the tracheal mucosa was injured with a brush. The postoperative pathology showed that 
the mucosal surface of the rabbits without tracheal stenosis was pseudostratified ciliated columnar epithelium, 
and the cartilage structure was intact, indicating that the tracheal mucosa could regenerate after simple acute 
injury, and there was no stenosis formation with the repair of the mucosa. The histopathological results of rab-
bits with tracheal stenosis showed that when the tracheal wall was damaged to the cartilage layer, the ability of 
mucosal regeneration was poor, a large number of inflammatory cells infiltrated in the submucosa, capillaries 
increased, granulation tissue formed, and fibroblasts proliferated. EB-OCT and tracheal histopathology showed 
that cartilage injury was a key factor in the formation of benign tracheal stenosis. This is consistent with the 
results of previous  studies28–30.

The degree of stenosis in group C and group D were 16.59–76.29% and 50.59–87.42%, respectively. Although 
there was no significant difference between the two groups, the proportion of grade 3 or above stenosis was 
42.86% in group C and 100% in group D. This suggests that the formation of tracheal stenosis may be related 
to the function of tracheal mucosa. An intact tracheal mucociliary muco-system barrier removes exogenous 
stimuli; however, mucosal injury reduces clearance capacity. A mouse model of airway obstruction has shown 
that airway epithelial cells can regulate the growth of fibroblasts and prevent the overgrowth of fibroblasts from 
causing lumen  obstruction31. Hillel et al.4 showed that compared with non-scar epithelium, the epithelium within 
iSGS and iLTS is morphologically abnormal. Although both iSGS and iLTS have reduced epithelial thickness, 
ciliary cells, and secretory cells, only iSGS had signifificant increases in pathological basal cell expression.This 
suggests that the epithelium plays an important role in the pathogenesis of both types of stenotic fibrosis. In 
this experiment, the rabbit tracheal mucosa can regenerate after acute injury alone, but the ability of mucosal 
regeneration is weakened when there is both cartilage and mucosal injury. Chronic, persistent damage to the 
mucosa involving the cartilage may result in airway stenosis.

The tracheal stenosis was mainly caused by granulation tissue hyperplasia at 1 week after operation, and scar 
contracture was observed in some rabbits at 4 weeks after operation. This was also confirmed by gross anatomy. 
This suggests that we can choose different types of stenosis according to different time points for animal studies 
of benign airway stenosis, and provide different types of stenosis animal models for the study of interventional 
therapy of benign airway stenosis.

In conclusion, cartilage injury is the key factor in the formation of benign airway stenosis in rabbits. Mucosa 
plays a certain role in the formation of airway stenosis, but acute injury of airway mucosa alone is unlikely to 
cause airway stenosis, and combined with cartilage injury may aggravate the degree of airway stenosis. Chronic, 
persistent damage to the mucosa with involvement of cartilage can cause airway stenosis.

Data availability
The data that support the findings of this study are available from the corresponding author upon reasonable 
request.

Received: 3 June 2022; Accepted: 6 February 2023

References
 1. Li, Y. Q. et al. Causes of benign central airway stenoses and the efficacy of interventional treatments through flexible bronchoscopy. 

Chin. J. Tuberc. Respir. Dis. 31, 364–368 (2008).
 2. Su, Z. Q. et al. Analysis of the etiology and interventional therapy efficacy of 158 cases of benign airway stenosis. Chin. J. Tuberc. 

Respir. Dis. 36, 651–654 (2013).
 3. Zias, N. et al. Post tracheostomy and post intubation tracheal stenosis: Report of 31 cases and review of the literature. BMC Pulm. 

Med. 8, 18 (2008).
 4. Lina, I. A. et al. Phenotypic epithelial changes in laryngotracheal stenosis. Laryngoscope 132, 2194–2201 (2022).
 5. Davis, R. J. & Hillel, A. T. Inflammatory pathways in the pathogenesis of iatrogenic laryngotracheal stenosis: What do we know?. 

Transl. Cancer Res. 9, 2108–2116 (2020).
 6. Motz, K. M. et al. Quantification of inflammatory markers in laryngotracheal stenosis. Otolaryngol.-Head Neck Surg. 157, 466–472 

(2017).
 7. Hillel, A. T., Ding, D., Samad, I., Murphy, M. K. & Motz, K. T-helper 2 lymphocyte immunophenotype is associated with iatrogenic 

iaryngotracheal stenosis. Laryngoscope 129, 177–186 (2019).
 8. Hillel, A. T. et al. Dysregulated macrophages are present in bleomycin-induced murine laryngotracheal stenosis. Otolaryngol.-Head 

Neck Surg. 153, 244–250 (2015).
 9. Davis, R. J. et al. Increased expression of pd-1 and pd-l1 in patients with laryngotracheal stenosis. Laryngoscope. 131, 967–974 

(2021).
 10. MorrisonR, J. et al. Pathologic fibroblasts in idiopathic subglottic stenosis amplify local inflammatory signals. Otolaryngol.-Head 

Neck Surg. 160, 107–115 (2019).
 11. Motz, K. et al. Interferon-γ treatment of human laryngotracheal stenosis-derived fibroblasts. J. JAMA Otolaryngol. Head Neck Surg. 

143, 1134–1140 (2017).
 12. Zhang, J. et al. Effect of three interventional bronchoscopic methods on tracheal stenosis and the formation of granulation tissues 

in dogs. Chin. Med. J. 123, 621–627 (2010).
 13. Lee, S. S. et al. A new model of tracheal stenosis in dogs using combined bronchoscopic electrocautery and ethanol injection. J. 

Vasc. Intervent. Radiol. 19, 764–769 (2008).
 14. Goldberg, M. & Pearson, F. G. Pathogenesis of tracheal stenosis following tracheostomy with a cuffed tube: An experimental study 

in dogs. Thorax 27, 678–691 (1972).
 15. Eliashar, R. et al. Evaluating laryngotracheal stenosis in a canine model with virtual bronchoscopy. Ann. Otol. Rhinol. Laryngol. 

109, 906–912 (2000).
 16. Olmos-Zúñiga, J. R. et al. Effect of the hyaluronic acid on tracheal healing: A canine experimental mode. Acta Otorrinolaringol. 

Engl. Ed. 55, 81–87 (2004).
 17. Kumar, S. P., Ravikumar, A. & Thanka, J. An animal model for laryngotracheal injuries: An experimental study. Laryngoscope. 125, 

E23–E27 (2015).



8

Vol:.(1234567890)

Scientific Reports |         (2023) 13:3144  | https://doi.org/10.1038/s41598-023-29483-2

www.nature.com/scientificreports/

 18. Schweiger, C. et al. Development of a survival animal model for subglottic stenosis. Laryngoscope. 129, 989–994 (2019).
 19. Han, X. W. et al. The selection of window and level for measuring the airway dimensions with spiral CT scan: An experimental 

study in Japanese white big-ear rabbits. J. Vasc. Interventional Radiol. 18, 695–698 (2009).
 20. Wang, L. H. et al. The pilot study of the effect of paclitaxel by local applicationon scar formation after airway injury in rabbits. 

Chin. J. Tuberc. Respir. Dis. 36, 202–206 (2013).
 21. Freitag, L., Ernst, A., Unger, M., Kovitz, K. & Marquette, C. H. A proposed classifification system of central airway stenosis. Eur. 

Respir. J. 30, 7–12 (2007).
 22. Verwoerd-Verhoef, H. L., Bean, J. K., Adriaansen, F. C. & Verwoerd, C. D. Wound healing of laryngeal trauma and the development 

of subglottic stenosis. Int. J. Pediatr. Otorhinolaryngol. 32, S103–S105 (1995).
 23. Loewen, M. S., Walner, D. L. & Caldarelli, D. D. Improved airway healing using transforming growth factor beta-3 in a rabbit 

model. Wound Repair Regen. 9, 44–49 (2001).
 24. Loewen, M. S. & Walner, D. L. Dimensions of rabbit subglottis and trachea. Lab. Anim. 35, 253–256 (2001).
 25. Huang, D. et al. Optical coherence tomography. Science 254, 1178–1181 (1991).
 26. Jung, W. et al. Feasibility study of normal and septic tracheal imaging using optical coherence tomography. Lasere Surg. Med. 35, 

121–127 (2004).
 27. Williamson, J. P. et al. Using optical coherence tomography to improve diagnostic and therapeutic bronchoscopy. Chest 136, 

272–276 (2009).
 28. Charous, S. J. et al. Canine subglottic stenosis as a model for excessive fibrosis: A pilot histologic and immunohistochemical analysis. 

Wound Repair Regen. 4, 444–453 (2010).
 29. Roh, J. L., Lee, Y. W. & Park, H. T. Subglottic wound healing in a new rabbit model of acquired subglottic Stenosis. Ann. Otol. 

Rhinol. Laryngol. 115, 611–616 (2006).
 30. Dohar, J. E., Klein, E. C., Betsch, J. L. & Hebad, P. A. Acquired subglottic stenosis—Depth and not extent of the insult is key. Int. 

J. Pediatr. Otorhinolaryngol. 46, 159–170 (1998).
 31. Adams, B. F., Brazelton, T., Berry, G. J. & Morris, R. E. The role of respiratory epithelium in a rat model of obliterative airway 

disease. Transplantation 69, 661–664 (2000).

Author contributions
J. Z., Y. L., Z. Y., Z. L., C. W., D. Z., and J. J. performed the procedures. J. Z., Y. L., J. J. reviewed the charts, created 
the database, performed the statistical analysis and wrote the manuscript. All authors took part in the discussion 
leading up to the manuscript. The authors read and approved the final manuscript.

Funding
Jiangsu social development science and technology R&D project in 2016 (BE2016672), Suzhou Science and 
Technology Project (SKY 2021026).

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to J.J.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2023

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	The role of tracheal wall injury in the development of benign airway stenosis in rabbits
	Materials and methods
	Different experimental groups. 
	Methods of tracheal injury (Table 1). 
	Follow-up examination at different time points. 
	Airway stenosis was evaluated by CT. 
	Data analysis. 
	Ethics approval and consent to participate. 

	Results
	Discussion
	References


