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External beam radiotherapy
inhibits stent related granulation
hyperplasia in rabbit trachea

Zihe Zhou'5, Bin Han%®, Kewei Ren?, Yahua Li!, Kunpeng Wu?, Janan Wang?, Yifan Li?,
Zongming Li** & Xinwei Han34*

Endobronchial stent exacerbates the formation of granulation tissue. Radiotherapy maybe a durable
treatment option for granulation hyperplasia. In this study, we explore the results of external

beam radiotherapy (EBRT) for granulation hyperplasia after airway stent placement. A total of 30
New Zealand rabbits were assigned in three groups, Control group (n=12), low dosage (LD, 12 Gy

in 4 fractions and twice a week) group (n=9) and high dosage (HD, 20 Gy in 4 fractions and twice a
week) group (n=9). Post-stenting 1 week, LD and HD group started to receive EBRT. Bronchoscopy,
Haematoxylin-eosin (HE), Masson’s trichrome (MTS), Safranin O (5O) and immunohistochemical (IHC)
staining protocols were performed to evaluate the histopathological changes of trachea. A total of

30 stents were successfully implanted in 30 rabbits. No procedure-related death and complications
happened. Post-stenting 4 w, 8 w and 12 w, the ventilate area ratio (VAR) and qualitative histological
scoring (QHS) in the LD group and HD group lower than the Control group. Post-stenting 12w, the
immunohistochemical results revealed that the positive percentage of TGF-B and VEGF in the LD
group and HD group were lower than the Control group. In conclusion, the present study investigated
the efficacy of EBRT in reducing stent related granulation tissue formation in the rabbit trachea.
Higher dosage EBRT with a better result in inhibiting granulation hyperplasia.

Abbreviations

EBRT External beam radiotherapy
LD Low dose

HD High dose

VAR  Ventilate area ratio

QHS  Qualitative histological scoring

Airway stenting is an effective way to restore patency. The placement of stents significantly improved outcomes
of patient with airway stenosis. However, stents themselves are not without complications and do not represent
a definitive treatment.

Potential complications related to non-removability stent mainly exacerbate the formation of endobronchial
granulation tissue. Long-term effectiveness and sustainability are hampered by tissue responses after stenting!>.

Endobronchial granulation tissue hyperplasia around the stent is formed as partial natural wound healing
process. The main components of granulation tissue are accumulated inflammatory cells, newly formed connec-
tive tissue and small blood vessels®. It often presents asymptomatically, however, proliferation of endobronchial
granulation tissue may cause a decline in oxygen saturation even worsening pulmonary function tests. Which
frequently associated with loss of treatment effectiveness™**. Furthermore, it is one of the most common reasons
for additional bronchoscopy procedures, which form a risk and burden for the patient.

Radiotherapy has widely used in malignant tumor treatment, also in benign keloids. Mandu et al.* reported
the experience of 5 patients with significant airway compromise from recurrent granulation tissue treated with
high-dose-rate !Ir brachytherapy. The total doses ranging from 10 to 21 Gy in two to three fractions. During the
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12 months follow-up, 3 of the 5 patients alive with marked symptomatic improvement and reduced bronchoscopy
procedures. These benign conditions exhibit a good and durable response to radiation, which has the ability to
inhibit growth of benign tissue proliferation*®. As a subtype of benign keloids, the reactive granulation tissue
hyperplasia in the airway may have a similar reaction to radiation. Therefore, radiotherapy maybe a durable
treatment option for the treatment of granulation hyperplasia after stent placement. In this study, we explore the
results of external beam radiotherapy (EBRT) for granulation hyperplasia after airway stent placement.

Results

A total of 30 stents were successfully implanted in 30 rabbits. The stents were released by a 6 F delivery system
under the guidance of fluoroscopy. No procedure-related complications happened. The rabbit in the LD group
and HD group successfully received EBRT. No radiotherapy related-death happened.

Bronchoscopy. Representative bronchoscopic images of post-stenting are shown in Fig. la. Post-stenting
1w, the proximal part of stented trachea was observed mildly reactive tissue response and sputum retention.
Post-stenting 4 w, papillary projections were formation around the edge of proximal part of the stent in the
Control group. After clearance the sputum, mild bleeding was observed from the papillary projections. Mildly
reactive tissue response and sputum retention was observed in LD and HD group. Post-stenting 8 w, the edge of
the proximal stent was embedded in the Control group, mild granulation hyperplasia and sputum retention was
observed in LD and HD group. Post-stenting 12 w, the stent was severe embedded in the Control group. Small
polyps were observed on the edge of the stent in LD and HD group.
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Figure 1. The represent images of bronchoscopy (a) and HE staining (b) on 1w, 4w, 8w and 12w follow up.
The VAR was calculated and analysed. (¢) Bar=1 mm. “*” stand for compared to Control group. “#” stand for
compared to LD group. P-values <0.05 (*),<0.01 (**), and <0.001 (***). P-values <0.001 (###).
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Ventilate area ratio. The stented trachea cross-section with HE staining images show in Fig. 1b. Post-
stenting 4w, the VAR in Control group, LD group, and HD group are 0.74+0.02, 0.85+0.05, and 1.31+0.02.
Compared to Control group, there is significant difference in LD (P=0.02) group and HD group (P <0.001).
There was statistical difference between the LD group and HD group (P <0.001). Post-stenting 8w, the VAR
in Control group, LD group, and HD group are 0.63+0.06, 0.82+0.02, and 0.82+0.04. Compared to Control
group, there is significant difference in LD (P <0.001) group and HD group (P <0.001). There was no statistical
difference between the LD group and HD group (P =0.984). Post-stenting 12w, the VAR in Control group, LD
group, and HD group are 0.53+0.07, 0.57+0.01, and 0.79+0.01. There was no statistical difference between
the Control group and the LD group (P =0.592). Compared to HD group, there is significant difference in the
Control group (P <0.001) and the LD group (P <0.001) (Fig. 1c).

Pathological analysis. The represent images of HE, MTS, and OS for details analysis are shown in Fig. 2.
Post-stenting 1w, the QHS in Control group is 16.33+1.25. Post-stenting 4w, the QHS in Control group, LD
group, and HD group are 21.00+1.63, 13.00+ 1.63, 12.67 + 1.25. Compared to Control group, there is significant
difference in LD (P=0.037) group and HD group (P=0.037). There was no statistical difference between the
LD group and HD group (P =0.645). Post-stenting 8w, the QHS in Control group, LD group, and HD group are
20.67+1.70, 17.67+0.47, 17.33 £ 0.47. There was no statistical difference among the 3 groups (Control vs LD;
P=0.169; Control vs HD; P=0.226; LD vs HD; P =0.645). Post-stenting 12w, the QHS in Control group, LD
group, and HD group are 22.33+0.47, 13.00+ 1.41, 13.33+ 1.25. Compared to Control group, there is significant
difference in LD (P =0.002) group and HD group (p=0.003). There was no statistical difference between the
LD group and HD group (P=0.959) (Fig. 2d,e). The cartilage structure was observed by Safranin O staining,
which did not show acidic proteoglycan staining in any of the groups. Every group could observe focal cartilage
compression by stent.

Post-stenting 12w, the immunohistochemical results revealed the positive percentage of TGF-p in Control
group, LD group, and HD group are 47.63 +1.61, 37.87 +0.78, and 33.10+ 5.33. Compared to Control group, there
is significant difference in LD (P =0.007) group and HD group (P <0.001). There was no statistical difference
between the LD group and HD group (P=0.187). The positive percentage of VEGF in Control group, LD group,
and HD group are 45.93 +2.38, 39.23 £ 1.48, and 22.83 + 3.18. There was no statistical difference between the
LD group and Control group (P=0.052). Compared to HD group, there is significant difference in the Control
group (P <0.001) and the LD group (p=0.003) (Fig. 3).

Discussion

Airway stenting is an effectively way to restore stenosis lumen, whether in benign or malignant airway steno-
sis. Stent related granulation tissue hyperplasia is a well-known complication that hampered their long-term
effectiveness and sustainability’. In the treatment of malignant tracheal stenosis, stent placement combined
with radiotherapy offered a long-term overall survival when compare stent placement only®. Inspired by these
results, we designed this animal study to explore the results of different dosages radiotherapy for stent related
granulation tissue hyperplasia.

In this study, we found that EBRT effectively reduce the growth of granulation. The ventilate area is the main
evaluation parameter of stent-related granulation tissue hyperplasia. Post-stenting 1w, stent placement induced
trachea tissue reaction boosts the formation of granulation tissue. Then, EBRT was performed in the LD group
and HD group. Post-stenting 4w, both the LD group and HD group finished 4 times EBRT and rest 1 week. The
VAR in HD group and LD group significantly higher than Control group. Which demonstrated the granulation
tissue inhibit the effect of radiotherapy. However, in the HD group, the value of VAR larger than 1, which means
that HD radiotherapy could reverse the granulation tissue hyperplasia. The QHS analysis suggested that collagen
deposition, granulation tissue, and degree of inflammatory cell infiltration is the main 3 parameters affected
by radiotherapy. Post-stenting 8w, the VAR in the HD group and LD group significantly higher than Control
group. Although the QHS in the LD group and HD group lower than the Control group, but without statistical
differences. The QHS analysis suggested that collagen deposition, granulation tissue, and degree of inflamma-
tory cell infiltration is the main 3 parameters affected by radiotherapy. Post-stenting 12w, the VAR in HD group
significantly higher than Control group and LD group. The QHS in the LD group and HD group lower than the
Control group, with statistical differences. The QHS analysis suggested that collagen deposition, surface epithelial
changes, and cilial loss is the main 3 parameters which related to the healing process.

Post-stenting healing process is a complicated condition that affects by inflammation, immune response, and
mechanical stress. The injury of musca and cartilage are the key factors of benign airway stenosis formation®.
There are three overlapping wound healing process, inflammation, proliferation, and remodelling’. The inflam-
mation phase starts to post-stenting 1 day and sustained for 7 days. The proliferation phase of wound starts to
post-stenting 4 days and sustained to 4 weeks. While the remodelling phase of wound-healing can last from
months to years'’. The application of radiotherapy effectively disturbed the process of post-stent healing process,
especially the process of inflammation and proliferation. Which exhibit an anti-inflammatory effect. The mecha-
nism of radiotherapy mitigates inflammation is via the polarization of macrophages to an anti-inflammatory
or M2 phenotype!!. Furthermore, the effect of radiation on tissues can be direct or indirect. The direct effect
ionises DNA. It is the indirect effect through hydrolysis that is more harmful'?. These characteristics explained
the pathological response on post-stenting 4 weeks. Fibroblasts and neovascular are the main two components
of granulation®®. Fibroblasts bring the deposition collagen. The inhibit growth of fibroblasts caused the reduc-
tion of granulation volume and collagen deposition. Although the application of radiotherapy only 4 times
and finished within 2 weeks, its long-term effects sustained not only within 12 weeks. In a clinical research, 43
patients received airway stenting followed by EBRT. EBRT had to be stopped prematurely in 37% patients, but
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Figure 2. The represent images of HE (a), MTS (b), and OS (c) for details analysis. The total QHS analysis (d)
and details analysis (e) in 3 groups on different follow-up time point. Bar =200 pm. P-values <0.05 (*),<0.01
(**), and <0.001 (***).

the survival was poor, with a median overall survival (OS) of only 21 days. Twenty-seven patients completed
radiotherapy as planned, with a median OS of 8.4 months®. Mallow and colleagues'* reported that patients who
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Figure 3. The immunohistochemical staining of TGF-B and VEGF on post-stenting 12w in 3 groups (a). The
positive percentage analysis (b). Bar =50 pm. “*” stand for compared to Control group. “#” stand for compared
to LD group. P-values <0.05 (*),<0.01 (**), and <0.001 (***). P-values <0.001 (###).

underwent stenting had an increased hazard ratio (HR) of death in comparison to those who received stenting
combined EBRT. In this study, the HD group with a higher VAR when compare to Control group and LD group
on post-stenting 12w. Which suggested that HD radiotherapy may have a longer long-term effect.

The profibrotic actions of transforming growth factor beta (TGF-P) have long made it a target of interest
in the prevention of fibrosis, even in stent-related granulation hyperplasia"!>!¢. Recent advances highlight that
TGF-B is the master switch in pathogenesis of radiation fibrosis’. In this study, further IHC analysis suggested
that EBRT significantly inhibit the expression of TGF- in Control group. VEGE another biomarker representing
a neovascularization component, was also evaluated. Which has the similar result of TGF-f.

The safety and efficiency of this study also explored. No radiotherapy related death happened. The spinal cord
is particularly sensitive to radiation therapy. Once the spinal cord is exposed to excessive radiation, the rabbit is
prone to acute radioactive reactions leading to death. Therefore, when irradiating the trachea, the relative posi-
tion of the spinal cord and trachea must be taken into account, and the dose of the spinal cord must be kept as
low as possible when irradiating the trachea early, and the precision radiotherapy technology can achieve this
goal well. As can be seen from the DVH diagram of the radiotherapy plan and the dose distribution diagram of
the tracheal target area, the spinal cord radiation dose was significantly decreased, thus ensuring the safety of
the experiment. Moreover, the high atomic number of the metallic component of stents can theoretically cause
alterations in radiation dose from attenuation or backscatter effects. In the study of Evans and colleagues'’,
dosimeters were implanted in the tissues near and away from the stent. No significant difference was found in
the dose perturbation factor for near and away dosimeters. External beam radiation can be delivered without
concern for significant dose perturbation.

There are several limitations in this study. First, the small sample size of this study may affect the significance
of the findings. Second, this study only explored two dosages of radiotherapy. Whether higher dosage radio-
therapy bring a better result still require further explore. Finally, all rabbits in this study are health without airway
stenosis. The establishment of airway stenosis model may contribute to further explore.

Conclusion
In conclusion, the present study investigated the efficacy of EBRT in reducing stent related granulation tissue
formation in the rabbit trachea. Higher dosage EBRT with a better result in inhibiting granulation hyperplasia.
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Methods

This animal study was reported in accordance with ARRIVE guidelines. A total of 30 New Zealand rabbits (both
male and female) (3.0 £0.2 kg) were assigned in three groups, including Control group (n=12), low dosage (LD)
group (n=9) and high dosage (HD) group (n=9). The plan and operation flow chart are shown in Fig. 4. Xylazine
Hydrochloride 1 mg/kg combined with pentobarbital sodium 0.5 mg/kg intramuscular injection was used for
anesthesia. The stents were placed in the trachea under the guidance of fluoroscopy through a 6F delivery system
(Fig. 4). All rabbits were maintained in single cages at a room temperature of 22+2 °C, a relative humidity of
45+15% and a 12-h light/dark cycle. Standard food and water could be accessed freely.

Post-stenting 1 week, LD and HD group started to receive EBRT. After anesthesia, the rabbits were fixed in
a plate. The CT simulator was utilized to perform radiotherapy localization, and delineated the area of airway
stent implantation. The therapy planning system (TPS) was employed to design radiotherapy planning. Only
the part of the trachea with stent was exposed to the specified dose. The dose of the surrounding tissues at risk
was controlled, especially the dose of the spinal cord must be kept as low as possible. After the completion of
the plan, dose verification was carried out to ensure that the pass rate was more than 90%, and then location
verification was carried out. After all verification was passed, EBRT was performed for these rabbits (Fig. 5). The
LD group treated with 12 Gy in 4 fractions and twice a week. The HD group treated with 20 Gy in 4 fractions
and twice a week.

Bronchoscopy was performed to evaluate stent expansion and granulation hyperplasia at the post-stenting
time points of 1 w, 4 w, 8 w and 12 w. The rabbits were sacrificed as schedule. Post-stenting 1w, 3 rabbits were
sacrificed in Control group. The trachea with stents were sectioned transversely and fixed in 10% neutral buffered
formalin for 24 h. Paraffin blocks with trachea were cut in 5-um-thick sections to obtain slides. Haematoxy-
lin-eosin (HE) staining was performed to analysis the changes of histopathology. Masson’s trichrome staining
(MTS) was performed to analysis the collagen deposition. To evaluation the changes of tracheal cricoid cartilage,
Safranin O (SO) staining protocols were performed. As key factors of granulation hyperplasia, the expression of
TGEF-B and VEGF were analysed by means of immunohistochemical staining. The slide and tissues were expe-
rienced pre-digestion, primary antibody incubation and second antibody incubation. The antibody of TGF-f3
(Anti-TGF beta 1 antibody; bs-0086R) and VEGF (Anti-VEGFA antibody; bs-1313R) were purchased from Bioss

Bronchoscopy
8w 12w
. Stented trachea -
acquisition O 0 O

(Control group;n=3)
Stent Stented trachea Stented trachea Stented trachea
placement acquisition acquisition acquisition

1 (3 groups; n=3/group) (3 groups; n=3/group) (3 groups; n=3/group)

Guide wire entrance Delivery system entrance Stent release Stent placement finished

Figure 4. The plan, operation diagram, and procedure flow chart.
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Figure 5. The process of EBRT. (a) Dose distribution in stented trachea. (b) The relative position of trachea and
spinal cord. (c,d) The dose distribution diagram. (d) Planned dose—volume histogram of radiation therapy. (e,f)
The dose-validation image of a radiation therapy plan.

Biotechnology Co. LTD. Beijing China. Qualitative histological scoring (QHS) was performed using a stented
tissue scoring system described in previous study'®'®. The ventilate area ratio (VAR) was defined the value of
ventilating area on each observation point by post-stent 1w. Analysis of the pathological results was based on
the consensus of three observers who were blinded to the study.

Statistical analysis. Differences between groups were analysed by analysis of variance, as appropriate. Post
hoc comparisons were performed using the Bonferroni method. Fisher’s exact test and the chi-squared test were
utilized to compare categorical variables between groups. Figures were made by GraphPad Prism 7.00 software.
Statistical analysis was performed using SPSS 21.0, and P <0.05 was considered statistically significant.

Ethics approval and consent to participate. This animal study was approved by the Committee on the
Ethics of Animal Experiments of Zhengzhou University-approval: 20220312. All methods were performed in
accordance with the relevant guidelines and regulations.

Animal studies were conducted at Henan Key Laboratory for Pharmacology of Liver Disease.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.

Received: 5 December 2022; Accepted: 30 April 2023
Published online: 03 May 2023

References

1. Roodenburg, S. A., Pouwels, S. D. & Slebos, D. J. Airway granulation response to lung-implantable medical devices: A concise
overview. Eur. Respir. Rev. 30(161), 210066 (2021).

2. Hazelett, B. N. et al. Coordination of care for expiratory central airway collapse: A structured process for a multifaceted disease.
Chest 163, 185-191 (2022).

3. Guibert, N., Saka, H. & Dutau, H. Airway stenting: Technological advancements and its role in interventional pulmonology.
Respirology 25(9), 953-962 (2020).

4. Madu, C. N. et al. High-dose-rate (HDR) brachytherapy for the treatment of benign obstructive endobronchial granulation tissue.
Int. J. Radiat. Oncol. Biol. Phys. 66(5), 1450-1456 (2006).

5. Desai, N. R. et al. Advanced diagnostic and therapeutic bronchoscopy: Technology and reimbursement. Chest 160(1), 259-267
(2021).

Scientific Reports |

(2023) 13:7219 | https://doi.org/10.1038/s41598-023-34449-5 nature portfolio



www.nature.com/scientificreports/

6. Rochet, N. et al. Safety and efficacy of thoracic external beam radiotherapy after airway stenting in malignant airway obstruction.
Int. J. Radiat. Oncol. Biol. Phys. 83(1), e129-e135 (2012).
7. Bi, Y. et al. Clinical outcomes of self-expandable metallic stents for malignant obstructive atelectasis. Sci. Rep. 10(1), 3600 (2020).
8. Zhang, J. et al. The role of tracheal wall injury in the development of benign airway stenosis in rabbits. Sci. Rep. 13(1), 3144 (2023).
9. Dorris, E. R, Russell, J. & Murphy, M. Post-intubation subglottic stenosis: Aetiology at the cellular and molecular level. Eur. Respir.
Rev. 30(159), 200218 (2021).
10. Li, Y. et al. Arsenic trioxide-eluting electrospun nanofiber-covered self-expandable metallic stent reduces granulation tissue hyper-
plasia in rabbit trachea. Biomed. Mater. 16(1), 015013 (2020).
11. Calabrese, E. J. et al. Radiotherapy treatment of human inflammatory diseases and conditions: Optimal dose. Hum. Exp. Toxicol.
38(8), 888-898 (2019).
12. Devalia, H. L. & Mansfield, L. Radiotherapy and wound healing. Int. Wound J. 5(1), 40-44 (2008).
13. Tsai, H. W. et al. Inhibition of glutaminase to reverse fibrosis in iatrogenic laryngotracheal stenosis. Laryngoscope 130(12), E773-
E781 (2020).
14. Mallow, C. et al. External beam radiation therapy combined with airway stenting leads to better survival in patients with malignant
airway obstruction. Respirology https://doi.org/10.1111/resp.13292 (2018).
15. Lina, I. et al. Characterization of fibroblasts in iatrogenic laryngotracheal stenosis and type II diabetes mellitus. Laryngoscope
131(7), 1570-1577 (2021).
16. Ko, P. J. et al. Granulation formation following tracheal stenosis stenting: Influence of stent position. Laryngoscope 119(12),
2331-2336 (2009).
17. Evans, A. . et al. The effect of metallic tracheal stents on radiation dose in the airway and surrounding tissues. J. Surg. Res. 189(1),
1-6 (2014).
18. Li, Y. et al. Comparison of three kinds of self-expandable metallic stents induced granulation tissue hyperplasia in the rabbit
trachea. Sci. Rep. 11(1), 23115 (2021).

Acknowledgements
We thanks for the grants of the natural science foundation of Henan province of China, No. 212300410288 and
No. 222300420349.

Author contributions

X.W.H. and Z.M.L. designed study. ZH.Z., BH., YH.L., KWR,, YEL., JN.W. and K.P.W. performed study.
Y.H.L., ZM.L., B.H., and Z.H.Z. collected and analyzed data. All authors wrote the paper and finally approved
of the version to be published.

Funding
Natural science foundation of Henan province of China: No. 212300410288 and No. 222300420349.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to Z.L. or X.H.

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://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports |

(2023) 13:7219 | https://doi.org/10.1038/s41598-023-34449-5 nature portfolio


https://doi.org/10.1111/resp.13292
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	External beam radiotherapy inhibits stent related granulation hyperplasia in rabbit trachea
	Results
	Bronchoscopy. 
	Ventilate area ratio. 
	Pathological analysis. 

	Discussion
	Conclusion
	Methods
	Statistical analysis. 
	Ethics approval and consent to participate. 

	References
	Acknowledgements


