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Background: This study aims to assess the feasibility of a novel metallic segmented
transcordal stent modified with three-dimensional (3D) printing for treating inoperable
malignant laryngotracheal stenosis and the tolerability of the stent.

Methods: This was a retrospective study. The stents were individually customized with
the aid of 3D printing model based on the anatomic features of each patient’s airway. The
stent was composed of two separate segments that corresponded to the larynx and the
upper trachea. The stents were barrel-shaped at the proximal end to prevent migration.
The proximal end of the stent was located slightly above the vocal cord. The technical and
clinical success of stenting procedure, patient tolerability, and stent-related complications
of patients were evaluated.

Results: Ten patients with dyspnea caused by malignant laryngotracheal stenosis
underwent implantation of such stents. Technical and clinical success of the stenting
procedure were achieved in all patients. For all patients, basic communication in life could
be maintained by speaking softly. During follow-up, one patient showed intolerance to the
stent, and the stent was retrieved 2 weeks after stenting. Stent migration was found in one
patient, and the position of the stent was readjusted. Granulation tissue proliferation was
found in two patients and was treated with cryotherapy by bronchoscopy. There were no
deaths associated with stenting.

Conclusions: The individually customized metallic segmented transcordal stent is
feasible and tolerable for patients with inoperable malignant laryngotracheal stenosis.
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The implantation of this stent may serve as a novel alternative treatment for patients who
are not suitable for surgery or tracheotomy.
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INTRODUCTION

Laryngotracheal stenosis caused by malignancies that presents
with severe dyspnea and a reduced quality of life is difficult to
manage (1, 2). Although surgery is the treatment of choice, some
patients are unfit for surgery due to their poor general condition
or an advanced malignancy that has spread extensively into
surrounding structures (3). Airway stenting has been widely used
to treat benign or malignant airway stenosis (4). In inoperable
patients, the implantation of laryngotracheal stents could serve
as an alternative treatment that can provide immediate effects
(5, 6). However, the complexity of the laryngeal and upper
tracheal anatomy poses challenges for stenting, and the
application of commercially available stents for laryngotracheal
stenosis is limited due to stent-related complications such as
stent migration and granulation tissue proliferation, especially
when the stenosis is close to or involves the vocal cord (6, 7).
Therefore, stents that match the anatomic and biomechanical
features of the larynx and upper trachea are needed.

With the progress in computed tomography (CT)
reconstruction and three-dimensional (3D) printing
technology, a 3D model of patient-specific anatomy could be
printed (8). Airway stents could be individually customized
according to the anatomic features of the larynx and upper
part of the trachea for each patient with the aid of the 3D model
(8, 9). In addition, the 3D model could be used for preoperative
planning to facilitate sufficient understanding of the anatomy
(10, 11).

To overcome the disadvantages of commercial laryngotracheal
stents, we developed a novel metallic segmented transcordal
laryngotracheal stent that fits the laryngotracheal anatomy. The
stent was individually customized with the aid of a 3D printing
model. In this study, we aimed to assess the feasibility of the novel
stent in treating inoperable malignant laryngotracheal stenosis and
the tolerability of the stent.

MATERIALS AND METHODS

Patients
This retrospective study was approved by our institutional review
board and written informed consent was waived. The clinical
information of the patients was collected and analyzed. From
October 2013 to March 2020, 16 patients underwent
implantation of the novel metallic segmented transcordal stent
modified with 3D printing due to severe dyspnea caused by
malignant laryngotracheal stenosis. Prior to the stenting
procedure, the institutional review board approved the use of
the laryngotracheal stent and written informed consent was
obtained from each patient. Six patients were excluded for the
following reasons: (a) the patients underwent esophageal
2

stenting (n=4); and (b) the patients had tracheoesophageal
fistula (n=2). Finally, a total of 10 patients were included. The
patients could not undergo surgical reconstruction due to the
extensive invasion of the malignancy and their poor general
condition. Tracheotomy was not performed for the following
reasons: (a) the anterior part of the cervical trachea was covered
by the tumor (n=6), and (b) esthetic considerations (n=4). After
a discussion by the multidisciplinary team, which was composed
of otolaryngologist, thoracic surgeon, respiratory physician,
anesthetist and interventional radiologist, laryngotracheal
stenting was determined as the treatment method.

3D Printing and Preoperative Plan
CT examinations of neck and thorax were performed and the
parameters of CT scan were as follows: tube voltage of 120 kVp,
tube current of 250 mA, and slice thickness of 1 mm. Multiplanar
reconstruction of CT image was performed (Figures 1A, 2A). 3D
images of the larynx and trachea were reconstructed by
computer-assisted design software (Vitaworks) using the raw
CT data (Figures 1B, 2B). Then, the 3D data was saved in
stereolithographic format and was imported into the 3D printer
(RS600, Union Tech), and 3D laryngotracheal models that were
1:1 matches with the larynx and upper trachea of each patient
were printed layer by layer using photosensitive resins (Figure 1C).

The site, degree, range, and type of laryngotracheal stenosis,
and the distance from the proximal end of stenosis to the vocal
cord were determined by CT multiplanar reconstruction and the
3D printed model. Then, the target location for stent positioning
was confirmed. The stenosis was graded by Myer-Cotton
classification (2).

Design of the Laryngotracheal Stent
Based on the model, covered metallic self-expandable stents
(Micro-Tech) were individually customized. The stents were
woven with nickel titanium alloy wire. To reduce the risk of
migration and accommodate the different diameters of the
larynx and the upper trachea, a segmented stent design was
applied. The segmented stent was composed of two separate
parts that corresponded to the larynx and the upper trachea, and
they were connected with poly(tetrafluoroethylene) (PTFE), a
soft material, to reduce the interactions between the two
segments. The diameters of the two segments were 10% larger
than those of the corresponding parts of the larynx and the upper
trachea. In addition, the proximal end of the stent was barrel-
shaped to prevent migration (Figure 3). Ethylene oxide was used
to sterilize the devices. The duration of stent manufacture was
ranging from 3 to 4 days.

Laryngotracheal Stenting Procedure
All laryngotracheal stenting procedures were performed
in an operation room equipped with a digital subtraction
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angiography machine. The patients were placed in a supine
position, and general anesthesia was administered. During the
procedure, vital signs were closely monitored.

The glottis was adequately exposed with the laryngoscope,
and then the guidewire was passed through the stenosis under
the fluoroscopy guidance. After the guidewire exchange, the stent
delivery system was advanced through a stiff guidewire.
Afterwards, the laryngotracheal stent was released under the
guidance of real-time fluoroscopy and bronchoscopy with the
two ends of the stent extending past the stenotic segment, and
Frontiers in Oncology | www.frontiersin.org 3
the proximal end of the stent was located slightly above the level
of the glottis and below the epiglottis.

After the stenting procedure, laryngoscopy, bronchoscopy,
fluoroscopy and CT were immediately conducted to check the
position and patency of the stent (Video 1).

Follow-Up
CT and laryngoscopy were performed 1 week and 1 month after
the stenting procedure to check the position and patency of the
stent. Then, all patients received regular follow-up evaluations
FIGURE 1 | A 87-year-old man with laryngotracheal stenosis caused by thyroid cancer. (A) Sagittal CT showed subglottic and upper trachea stenosis caused by
tumor compression before implantation of laryngotracheal stent. (B) 3-dimensional reconstruction image based on CT showed the stenotic subglottic area and upper
trachea, and the relationship between them and surrounding structures. (C) The patient-specific model of larynx and upper trachea was made by 3-dimensional
printer based on CT data. The diameter of the larynx and upper trachea, the extent and degree of stenosis, and the distance between the proximal end of the
stenosis and vocal cord can be shown clearly on the model. (D) Sagittal CT showed that airway patency was maintained 1 month after stenting and the proximal
end of the stent was located slightly above the vocal cord and below the epiglottis.
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every 1 to 2 months. The patients were asked to return to the
hospital for a re-examination if they felt discomfort during the
period between the two follow-up evaluations. The pre- and
postprocedure clinical manifestations of the patients were
observed. The Hugh-Jones (HJ) classification was used to
assess the dyspnea degree of the patients. Technical success of
the stenting procedure was defined as accurate positioning of the
stent across the stenotic segment with < 50% residual stenosis
without major complications. Clinical success was defined as
relief of obstructive symptoms. Patients were monitored for
stent-related complications. Stents were retrieved by the
Frontiers in Oncology | www.frontiersin.org 4
retrievable thread if stent-related complications were observed
or if the stents were no longer needed due to the reduced tumor
burden. The follow-up information was obtained by reviewing
the medical records or by directly contacting the patients or their
family members by telephone.

Statistical Analysis
Qualitative data are presented as numbers and percentages.
Quantitative data are presented as the median with
interquartile range (IQR). The pre- and postprocedure HJ
classifications were compared using Wilcoxon tests for paired
FIGURE 2 | A 70-year-old man with upper tracheal stenosis caused by esophageal cancer. (A) Sagittal CT showed severe upper tracheal stenosis due to tumor
compression before stenting (white arrow). (B) 3-dimensional reconstruction image showed the relationship between the stenotic upper trachea and surrounding
tumor. (C) Sagittal CT showed that airway patency was restored 1 week after stenting and the proximal end of the stent was located slightly above the vocal cord
and below the epiglottis. (D) Laryngoscopy 1 week after stenting showed that the proximal end of the stent was above the vocal cord, below the epiglottis and
almost at the level of the arytenoid cartilages.
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samples. Overall survival was estimated using the Kaplan-Meier
method. The statistical analyses were carried out using SPSS 22.0
(IBM Corp). A P < 0.05 was considered statistically significant.
RESULTS

Patient Characteristics
The median patient age at the time of the stenting procedure was
68.5 years (IQR: 62.75-81.75 years). All of the patients suffered
from dyspnea due to laryngotracheal stenosis caused by
malignancies, including esophageal carcinoma (n=6),
laryngocarcinoma (n=1) and thyroid cancer (n=3). Six patients
had vocal cord involvement caused by malignancies and had
voice hoarseness. The other clinical manifestations included
Frontiers in Oncology | www.frontiersin.org 5
cough (n=5) and dysphagia (n=2). The baseline patient
characteristics are shown in Table 1.

Technical and Clinical Outcomes
Arterial oxygen saturation was maintained at > 97%, and no
complications occurred throughout the procedure. Technical
success was achieved in all patients. Airway patency was
recovered following sufficient expansion of the stent, which
was immediately confirmed by laryngoscopy, bronchoscopy,
fluoroscopy and CT. The proximal end of the stent was slightly
above the level of the vocal cord and below the epiglottis in all
patients (Figure 1D and Figures 2C, D). All patients showed
clear symptomatic relief of dyspnea after stent deployment. The
patients had significantly lower HJ classifications after the
procedure than before the procedure [2 (IQR: 2-3) vs 5 (IQR:
4-5); P = 0.004].

Follow-Up
There were no deaths associated with stenting. All patients
underwent chemotherapy and/or radiotherapy after the procedure.

The median follow-up time was 150 days (IQR: 67.5 - 215
days). All patients felt a foreign body sensation, and 4 of the 10
patients felt pain in their larynx, especially when swallowing,
coughing and speaking. One of the patients did not tolerate the
discomfort caused by the stent, and the stent was retrieved 2
weeks after stenting. All other patients could tolerate the stent,
and the symptoms improved or disappeared in 3-7 days. Voice
hoarseness was found in all patients. Specifically, 6 patients
exhibited voice hoarseness before the stenting procedure due to
involvement of the vocal cord, and a voice change was observed
after the procedure. The other 4 patients without involvement of
the vocal cord developed voice hoarseness after the procedure.
For all patients, basic communication in life could be maintained
by speaking softly. During follow-up, 4 of the patients presented
with mild aspiration that resolved spontaneously, and severe
aspiration that required treatment did not occur. In 2 patients,
restenosis was caused by granulation tissue formation around the
July 2021 | Volume 11 | Article 61978
)

TABLE 1 | Baseline characteristics of patients.

Characteristics Patients (n=10)

Age (years) a 68.5 (62.75-81.75
Gender
Male 7
Female 3

Etiology
Esophageal carcinoma 6
Thyroid cancer 3
Laryngocarcinoma 1

Location of stenosis
Upper trachea 2
Upper trachea+subglottic area 3
Upper trachea+subglottic area+ glottic region 5

Type of stenosis
Extraluminal 7
Mixed 3

Hugh-Jones classification a 5 (4-5)
aReported as median (IQR).
FIGURE 3 | Image of metallic segmented transcordal stent. The stent was
customized with the assist of the 3-dimensional-printed laryngotracheal
model. The stent was composed of two separate parts that corresponded to
the larynx and the upper trachea, and they were connected with poly
(tetrafluoroethylene) (black arrow). The proximal end of the stent was barrel-
shaped to prevent migration (black arrow head).
1

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Shan et al. Segmented Stent for Laryngotracheal Stenosis
proximal end of the stent 3 and 5 months after stenting
procedure, respectively. They were treated with cryotherapy by
bronchoscopy. Mucus retention was found in 3 patients and was
treated by sputum suction through bronchoscopy. Stent
migration was found in 1 patient, and the position of the stent
was readjusted under bronchoscopy and fluoroscopy. The
median overall survival time for these patients was 180 days.
DISCUSSION

In the current study, we presented the design of a novel metallic
segmented laryngotracheal stent customized with the aid of 3D
printing and reported our preliminary experience with a series of
10 patients with malignant laryngotracheal stenosis treated with
implantation of such stents that were precisely positioned above
the level of the vocal cord. The results of this study indicated that
the stent was feasible and tolerable in the treatment of
laryngotracheal stenosis caused by malignancies when located
above the level of the glottis.

Laryngotracheal stenosis can be caused by various factors,
including tumor invasion and trauma (1, 2). The management of
malignant laryngotracheal stenosis is difficult (1, 2). Although
surgical reconstruction is the preferred treatment option for
malignant laryngotracheal stenosis, some patients lose the chance
for surgery due to extensive tumor invasion or poor general status.
For patients who are unfit for surgery, alternative approaches
include tracheotomy and stent implantation (3, 5, 7). As a
minimally invasive therapeutic approach, the implantation of
laryngotracheal stents, including Montgomery T-tubes and
silicone and metallic stents, have been used in the treatment of
laryngotracheal stenosis (6, 12, 13). This approach could also
provide an alternative solution for patients who are unfit or
unwilling to undergo tracheotomy. In this study, most patients
tolerated the stent, and no patients died of stent-related
complications, but the complications were not insignificant.
Maintaining a balance between the risks and benefits of
transcordal stenting is crucial to achieving optimal results for
each patient and requires a multidisciplinary discussion in the
management of patients.

3D printing technology is becoming increasingly important in
themedical field. The 3D printed anatomicmodel generated from
CT imaging can demonstrate complex laryngotracheal anatomy
and is helpful for both airway stent design and preoperative
planning (10, 11). The diameter of the larynx and upper trachea
and the location, length and degree of stenosis were different
among patients (14). Therefore, commercial stentsmay notmatch
the airway well and thus cannot meet the anatomic and
biomechanical needs of each patient, especially in the larynx and
upper trachea, which are sensitive to foreign bodies (5). To achieve
a good match, a personalized stent is required. In this study, the
features of the patient’s anatomy and stenosis were reflected by the
3D printed laryngotracheal model, and then the stent was
individually tailored accordingly. Therefore, a stent with a better
match to the airway than a commercial stent could be obtained,
which helps to relieve patient discomfort and reduce the risk of
complications. In addition, the model could be used as a tool
Frontiers in Oncology | www.frontiersin.org 6
during preoperative planning to facilitate accurate positioning of
the stent. Previous studies have reported that 3D-printed
laryngotracheal models showed better performance than CT
images and endoscopy in terms of determining the extent of
glottic-subglottic airway stenosis (10). The distance between the
proximal end of the stenosis and vocal cord could be precisely
shown by the 3D model, which could facilitate clinical decision
making for each patient. Furthermore, the 3Dmodel could also be
used for resident teaching and patient education (10, 15).
However, it should be noted that the major limitation of
customized stents is the time required to manufacture the stent.
For this reason, the application of customized stents cannot be
generalizable to emergency patients.

Precise positioning of the stent is very important in improving
the patient’s tolerance and reducing the risk of stent-related
complications (6, 7). For subglottic stenosis, the upper margin of
the stent should be kept at least 1 centimeter away from the vocal
cord to reduce vocal cord stimulation (6, 7, 16). Otherwise,
subglottic edema and granulation tissue formation slightly below
the vocal cord may occur, especially if the stent migrates in this
region, which could cause patient discomfort and even dyspnea (5).
However, for stenosis involving the glottis or the subglottic area less
than 1 centimeter below the vocal cord, the stent should be placed
above the cord to sufficiently cover the stenosis and avoid
complications (6, 7, 17). Therefore, the distance from the
proximal end of the stenosis to the vocal cord determines
the location to place the stent. Previous studies have reported the
application of transcordal stents, including Montgomery T-tubes,
straight silicone stents (Dumon stents) and hourglass-shaped
silicone stents, and promising results have been obtained (6, 17,
18). In this study, the stents were placed with the proximal end
slightly above the vocal cord and below the epiglottis, and no severe
aspiration occurred, which was similar to previous studies (6, 18,
19). This is because normal closure of the epiglottis and elevation of
the larynx could be guaranteed through precise positioning of the
stent in this region (6, 7). In this study, the stent was released under
the combined guidance of bronchoscopy and fluoroscopy in real
time and therefore precise positioning of the stent was confirmed.

A major challenge of stenting for laryngotracheal stenosis is the
high risk of migration. The diameter of the larynx was slightly
shorter than that of the upper trachea, and thus, a conventional
straight stent could not match both the larynx and upper trachea
(14). Undersize diameter of the stent would increase the risk of
migration, and conversely, oversizing the diameter of the stent
would lead to discomfort and granulation tissue proliferation. In
addition, the larynx moves during the processes of phonation,
coughing, swallowing and neck movements, which may cause
migration (20). To prevent stent migration, a segmented design
and barrel-shaped proximal end were employed in the modified
stent reported in this study. Unlike conventional stents, the
diameters of the two parts of the segmented stent were
determined according to those of the larynx and the upper
trachea, ensuring that the stent would fit the anatomical
characteristics of the larynx and upper trachea better. In
addition, the upper part of the stent could move with the larynx,
and the movement magnitude of the lower part of the stent was
relatively small due to the soft connection between the two parts.
July 2021 | Volume 11 | Article 619781
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Most patients in this study showed good tolerance to the
segmented stents. Segmented designs have been used in
esophageal stents, and the stimulation of the stent to the wall of
esophagus could be reduced, especially for circuitous esophageal
lesions (21). Moreover, the barrel-shaped proximal end of the
stent plays a positive role in fixing the stent as well. Several kinds of
stent flanges, including flared, dumbbell and barrel shapes, have
been used in esophageal stents to prevent stent migration, and the
anti-migration force of the stent with a barrel-shaped flange was
the largest (22, 23). In this cohort of patients, stent migration
occurred in 1 patient during follow-up, which was similar to a
previous study reported on transcordal stents (6). Different non-
slip designs preventing stent migration have been used for T-tube
and silicone stents in previous studies. The side arm of the T-tube
could effectively reduce the risk of migration. However, for
patients with extensive tumor invasion of anterior wall of
trachea or recurrent tracheostoma infections, implantation of a
T-tube is undesirable (24). In addition, some patients are unwilling
to undergo T-tube implantation for esthetic reasons (24). The
stent reported in this study did not have the aforementioned
limitations and could be used in these conditions without
tracheotomy. Regarding straight silicone stents, migration
cannot be prevented by the stud alone (20). The external
fixation apparatus of silicone stents is effective in preventing
migration in patients with laryngotracheal stenosis (20, 25, 26).
However, this option is not suitable for patients with a
pathological area between vocal cord and cricoid. The stent in
this study did not need external fixation and could be implanted
with a simpler procedure.

The other stent-related complications could be managed
effectively. All patients in this study showed dysphonia, but
they were able to maintain communication with others by
speaking softly, which is consistent with previous studies on
transcordal stents (20, 25, 26). Although granulation tissue
proliferation occurred at the end of the stent in patients, this
complication did not lead to fatal airway stenosis due to timely
detection during follow-up and could be treated by ablation.

The limitations of this study are the retrospective nature, the
small sample size, and the lack of a control group. In addition,
the etiology of laryngotracheal stenosis was mixed. Further
studies should be performed to validate our conclusions.

This preliminary study indicated that metallic segmented
transcordal stents individually customized with the assist of 3D
printed model are feasible and tolerable for patients with
inoperable malignant laryngotracheal stenosis. The implantation
of this stent may serve as a novel alternative treatment for patients
who are not suitable for surgery or tracheotomy.
Frontiers in Oncology | www.frontiersin.org 7
DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.
ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by the institutional review board of RuiJin Hospital/Lu
Wan Branch. Written informed consent for participation was
not required for this study in accordance with the national
legislation and the institutional requirements.Written informed
consent for participation was not required for this study
in accordance with the national legislation and the
institutional requirements.
AUTHOR CONTRIBUTIONS

QS, WH, ZMW, and MS designed the research and supervised
the report. QS, WH, ZMW, MS, ZYW, QX, ZS, JZ, ZYW, XD,
and AM performed the research and analyzed the data. QS and
WH wrote the manuscript. All authors contributed to the article
and approved the submitted version.
FUNDING

Supported by the Shanghai key specialty construction project
(No. ZK2015A22 and No. ZK2019A02); Clinical key specialist
construction project of Shanghai municipal health commission
(Interventional Radiology [No. shslczdzk06002] & 3D Printing
[No. shslczdzk07002]; and Shanghai municipal commission of
health and family planning (No. 201640087).
SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fonc.2021.619781/
full#supplementary-material

Supplementary Video 1 | Preoperative examination, stenting procedure, and
follow-up. The video (wmv) showed the preoperative 3-dimensional CT
reconstruction, stenting procedure under the guidance of real-time fluoroscopy and
bronchoscopy and CT and laryngoscopy follow-up after stenting.
REFERENCES
1. Gelbard A, Francis DO, Sandulache VC, Simmons JC, Donovan DT,

Ongkasuwan J. Causes and Consequences of Adult Laryngotracheal
Stenosis. Laryngoscope (2015) 125:1137–43. doi: 10.1002/lary.24956

2. Hanlon K, Boesch RP, Jacobs I. Subglottic Stenosis. Curr Prob Pediatr Adolesc
Health Care (2018) 48:129–35. doi: 10.1016/j.cppeds.2018.03.007

3. SmithMM,Cotton RT.Diagnosis andManagement of Laryngotracheal Stenosis.
Expert Rev Respir Med (2018) 12:709–17. doi: 10.1080/17476348.2018.1495564
4. Folch E, Keyes C. Airway Stents. Ann Cardiothorac Surg (2018) 7:273–83. doi:
10.21037/acs.2018.03.08

5. Prasanna Kumar S, Ravikumar A, Senthil K, Somu L, Nazrin MI. Role of
Montgomery T-Tube Stent for Laryngotracheal Stenosis. Auris Nasus Larynx
(2014) 41:195–200. doi: 10.1016/j.anl.2013.10.008

6. Bourinet V, Raguin T, Fortin M, Chetrit E, Guinde J, Laroumagne S, et al.
Experience With Transcordal Silicone Stents in Adult Laryngotracheal
Stenosis: A Bicentric Retrospective Study. Respiration (2018) 95:441–8. doi:
10.1159/000487242
July 2021 | Volume 11 | Article 619781

https://www.frontiersin.org/articles/10.3389/fonc.2021.619781/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fonc.2021.619781/full#supplementary-material
https://doi.org/10.1002/lary.24956
https://doi.org/10.1016/j.cppeds.2018.03.007
https://doi.org/10.1080/17476348.2018.1495564
https://doi.org/10.21037/acs.2018.03.08
https://doi.org/10.1016/j.anl.2013.10.008
https://doi.org/10.1159/000487242
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Shan et al. Segmented Stent for Laryngotracheal Stenosis
7. Cooper JD. Use of Silicone Tubes in the Management of Complex Airway
Problems. Thorac Surg Clin (2018) 28:441–7. doi: 10.1016/j.thorsurg.2018.
04.010

8. Guibert N, Didier A, Moreno B, Lepage B, Leyx P, Plat G, et al. Treatment of
Complex Airway Stenoses Using Patient-Specific 3D-Engineered Stents: A
Proof-of-Concept Study. Thorax (2019) 74:810–3. doi: 10.1136/thoraxjnl-
2018-212732

9. Huang W, Shan Q, Wu Z, Li H, Zhou M, Ding X, et al. Retrievable Covered
Metallic Segmented Y Airway Stent for Gastrorespiratory Fistula of Carina or
Main Bronchi. J Thorac Cardiovasc Surg (2020) 161:1664–71. doi: 10.1016/
j.jtcvs.2020.03.019

10. Hoetzenecker K, Chan HHL, Frommlet F, Schweiger T, Keshavjee S, Waddell
TK, et al. 3D Models in the Diagnosis of Subglottic Airway Stenosis. Ann
Thorac Surg (2019) 107:1860–5. doi: 10.1016/j.athoracsur.2019.01.045

11. Richard Z, Jackson E, Jung JP, Kanotra SP. Feasibility and Potential of Three-
Dimensional Printing in Laryngotracheal Stenosis. J Laryngol Otol (2019)
133:530–4. doi: 10.1017/S0022215119001208

12. Wilcox JD, Nassar M. A Modified Laryngeal Stent for Glotto-Subglottic
Stenosis: A Novel Stent for Better Outcomes. Ear Nose Throat J (2019)
583254338. doi: 10.1177/0145561319883074

13. Sendi K, Al-Khatib T, Ahmed DG, Tonkul A. Management of Embedded
Metallic Stents Used in the Treatment of Grades III and IV Subglottic, and
Upper Tracheal Stenosis in Adults. Eur Arch Otorhinolaryngol (2014)
271:2991–5. doi: 10.1007/s00405-014-3057-8

14. Prasanna Kumar S, Ravikumar A. Biometric Study of the Internal Dimensions of
Subglottis and Upper Trachea in Adult Indian Population. Indian J Otolaryngol
Head Neck Surg (2014) 66:261–6. doi: 10.1007/s12070-012-0477-x

15. Fiorelli A, Scaramuzzi R, Minerva I, De Ruberto E, Califano T, Reginelli A,
et al. Three-Dimensional (3D) Printed Model to Plan the Endoscopic
Treatment of Upper Airway Stenosis. J Bronchology Interv Pulmonol (2018)
25:349–54. doi: 10.1097/LBR.0000000000000504

16. Fiorelli A, Mazzone S, Di Crescenzo VG, Costa G, Del Prete A, Vicidomini G,
et al. A Simple Technique to Control Placement of Dumon Stent in Subglottic
Tracheal Stenosis†. Interact Cardiov Thorac Surg (2014) 18:390–2. doi:
10.1093/icvts/ivt504

17. Liu HC, Lee KS, Huang CJ, Cheng CR, Hsu WH, Huang MH. Silicone T-Tube
for Complex Laryngotracheal Problems. Eur J Cardiothorac Surg (2002)
21:326–30. doi: 10.1016/S1010-7940(01)01098-3

18. Alshammari J, Monnier P. Airway Stenting With the LT-Mold™ for Severe
Glotto-Subglottic Stenosis or Intractable Aspiration: Experience in 65 Cases.
Eur Arch Otorhinolaryngol (2012) 269:2531–8. doi: 10.1007/s00405-012-
2080-x
Frontiers in Oncology | www.frontiersin.org 8
19. Monnier P. A New Stent for the Management of Adult and Pediatric
Laryngotracheal Stenosis. Laryngoscope (2003) 113:1418–22. doi: 10.1097/
00005537-200308000-00029

20. Miwa K, Takamori S, Hayashi A, Fukunaga M, Shirouzu K. Fixation of
Silicone Stents in the Subglottic Trachea: Preventing Stent Migration Using a
Fixation Apparatus. Ann Thorac Surg (2004) 78:2188–90. doi: 10.1016/
j.athoracsur.2003.10.085

21. Bi Y, Ren J, Li J, Yu Z, Han X, Wu G. A Novel Fully Covered Self-Expandable
Segmental Metallic Stents for the Treatment of Refractory Esophageal
Stenosis. J Thorac Dis (2019) 11:1363–9. doi: 10.21037/jtd.2019.04.02

22. Maetani I, Shigoka H, Omuta S, Gon K, Saito M. What Is the Preferred Shape
for an Esophageal Stent Flange? Dig Endosc (2012) 24:401–6. doi: 10.1111/
j.1443-1661.2012.01299.x

23. Mozafari H, Dong P, Zhao S, Bi Y, Han X, Gu L. Migration Resistance of
Esophageal Stents: The Role of Stent Design. Comput Biol Med (2018) 100:43–
9. doi: 10.1016/j.compbiomed.2018.06.031

24. Colt HG, Harrell J, Neuman TR, Robbins T. External Fixation of Subglottic
Tracheal Stents. Chest (1994) 105:1653–7. doi: 10.1378/chest.105.6.1653

25. Majid AM, Fernandez-Bussy SM, Kent MM, Folch EMM, Fernandez LMF,
Cheng GMP, et al. External Fixation of Proximal Tracheal Airway Stents: A
Modified Technique. Ann Thorac Surg (2012) 93:e167–9. doi: 10.1016/
j.athoracsur.2012.01.094

26. Dhooria S, Agarwal R. External Fixation of a Subglottic Tracheal Silicone Stent.
Ann Am Thorac Soc (2014) 11:467–8. doi: 10.1513/AnnalsATS.201401-011LE

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Shan, Huang, Wang, Xue, Shi, Zhou, Wu, Ding, Mao, Shang and
Wang. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in other
forums is permitted, provided the original author(s) and the copyright owner(s) are
credited and that the original publication in this journal is cited, in accordance with
accepted academic practice. No use, distribution or reproduction is permitted which
does not comply with these terms.
July 2021 | Volume 11 | Article 619781

https://doi.org/10.1016/j.thorsurg.2018.04.010
https://doi.org/10.1016/j.thorsurg.2018.04.010
https://doi.org/10.1136/thoraxjnl-2018-212732
https://doi.org/10.1136/thoraxjnl-2018-212732
https://doi.org/10.1016/j.jtcvs.2020.03.019
https://doi.org/10.1016/j.jtcvs.2020.03.019
https://doi.org/10.1016/j.athoracsur.2019.01.045
https://doi.org/10.1017/S0022215119001208
https://doi.org/10.1177/0145561319883074
https://doi.org/10.1007/s00405-014-3057-8
https://doi.org/10.1007/s12070-012-0477-x
https://doi.org/10.1097/LBR.0000000000000504
https://doi.org/10.1093/icvts/ivt504
https://doi.org/10.1016/S1010-7940(01)01098-3
https://doi.org/10.1007/s00405-012-2080-x
https://doi.org/10.1007/s00405-012-2080-x
https://doi.org/10.1097/00005537-200308000-00029
https://doi.org/10.1097/00005537-200308000-00029
https://doi.org/10.1016/j.athoracsur.2003.10.085
https://doi.org/10.1016/j.athoracsur.2003.10.085
https://doi.org/10.21037/jtd.2019.04.02
https://doi.org/10.1111/j.1443-1661.2012.01299.x
https://doi.org/10.1111/j.1443-1661.2012.01299.x
https://doi.org/10.1016/j.compbiomed.2018.06.031
https://doi.org/10.1378/chest.105.6.1653
https://doi.org/10.1016/j.athoracsur.2012.01.094
https://doi.org/10.1016/j.athoracsur.2012.01.094
https://doi.org/10.1513/AnnalsATS.201401-011LE
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

	Preliminary Experience With a Novel Metallic Segmented Transcordal Stent Modified With Three-Dimensional Printing for Inoperable Malignant Laryngotracheal Stenosis
	Introduction
	Materials and Methods
	Patients
	3D Printing and Preoperative Plan
	Design of the Laryngotracheal Stent
	Laryngotracheal Stenting Procedure
	Follow-Up
	Statistical Analysis

	Results
	Patient Characteristics
	Technical and Clinical Outcomes
	Follow-Up

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


