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Introduction

Malignant airway stenosis is a life-threatening condition 
caused by malignant tumors, such as locally advanced lung 
cancer (LC), esophageal carcinoma, and metastases, that 

presents with respiratory obstruction symptoms and leads 
to reduced quality of life (1,2). Currently, airway stenting 
is used as an effective and minimally invasive treatment to 
restore airway patency in patients with inoperable malignant 
airway stenosis. This method can relieve airway obstruction 
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symptoms immediately, thereby improving quality of  
life (3,4).

The management of airway stenosis involving the carina 
or bronchi is difficult because of the complicated and 
irregular anatomy that is variable among different patients, 
although Y-shaped airway stents have been used in such 
cases (5,6). Recently, three-dimensional (3D) printing 
technology has been widely used for the personalized 
customization of medical devices and preoperative planning 
(7-9). This technology has made it possible to customize 
patient-specific stents based on the anatomical features of 
the respiratory tract, thus achieving a better match between 
stents and airways (5,10,11). Several previous studies have 
demonstrated the utility of 3D printing in the personalized 
customization of silicone airway stents for airway stenosis 
or tracheobronchomalacia (5,12). However, no studies have 
focused on the treatment of malignant stenosis around the 
carina or bronchi with metallic stents customized by 3D 
printing. It should be noted that the angle between the two 
main bronchi may vary in patients with tumor compression 
or during respiration (13,14). Therefore, we designed a new 
segmented airway stent with a changeable angle between 
these two branches to fit the dynamic changes of the carina 
angle. We have previously demonstrated the feasibility of 
this stent for the treatment of gastrorespiratory fistula (15). 
The aim of this study was to assess the feasibility of the 
covered metallic segmented Y airway stent customized with 
the aid of 3D printing based on computed tomography (CT) 
for the treatment of inoperable malignant stenosis involving 
the carina or bronchi.

Methods

Patients

This retrospective study was approved by our institutional 
review board, and written informed consent was waived. 
We analyzed the clinical data of patients with malignant 
airway stenosis involving the carina or bronchi who were 
treated with implantation of metallic segmented airway 
stent customized with the aid of 3D printing from January 
2017 to May 2019. Patients with tracheoesophageal fistula 
or patients who underwent both airway and esophageal 
stenting were excluded. Finally, 12 patients were included in 
this study. Surgery could not be performed in these patients 
due to advanced tumor stages. The therapeutic strategy 
of airway stenting was confirmed by a multidisciplinary 
discussion attended by thoracic surgeons, pulmonologists, 

interventional radiologists, and anesthetists. The customized 
stent was used when the airway stenosis was anatomically 
complex and difficult to treat with a commercial stent. 
The use of the stent was approved by the institutional 
review board and all patients provided written informed 
consent prior to the procedure. Preoperative chest CT 
and flexible bronchoscopy were performed to help confirm 
the location, severity, and range of the stenosis, as well as 
the anatomical relationship between the airway and the 
surrounding structures (Figure 1A,B,C,D). The diagnosis 
of malignant tumors was based on the pathological biopsy 
results. The 7th American Joint Committee on Cancer/
Union for International Cancer Control (AJCC/UICC) 
staging systems were used to evaluate the tumor stage of 
these patients.

Design of the airway stent

All patients underwent 64-slice multidetector spiral CT 
(uCT760; United Imaging Healthcare, Shanghai, China) of 
the thorax in a supine position during end-inspiration. The 
scanning parameters were as follows: tube voltage, 120 kVp;  
tube current, 250 mA; rotation time, 0.35 s; pitch, 0.6; 
slice thickness, 1 mm; imaging field-of-view, 320 mm. 
Imaging data gathered from the chest CT scan was used 
to reconstruct 3D images of the airway using the surface 
rendering technique with the use of computer-assisted 
design software (Vitaworks, Shanghai, China). The airway 
and tumor were then assigned different pseudo-colors, and 
the image was converted into a 3D stereolithographic (STL) 
file (Figure 1B). Afterwards, the 3D reconstruction data was 
entered into a 3D printer (RS600, Union Tech, Shanghai, 
China) to create an airway mold that was matched 1:1 based 
on the anatomical characteristics of each patient’s airway 
with photosensitive resins (Figure 2A).

The length of the stenotic segment, the diameter 
of the airway, the distance between the carina and the 
opening of the right upper lobe bronchus, and the carina 
angle were measured using the 3D printed airway mold. 
The measurements were performed by two trained 
interventional radiologists (QGS and WH). Then, covered 
self-expandable Y-shaped metallic airway stents (Micro-
Tech, Nanjing, China) were specifically woven with thread 
made of temperature-memory nickel titanium alloy with a 
diameter of 0.22 mm using the 3D printed airway model as 
a template. The diameter of the stent was 10% larger than 
that of the normal airway proximal to the stenosis (16,17). 
A segmented design was applied on the junction part of the 
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main stem and the branches using poly(tetrafluoroethylene) 
(PTFE) to make the stent comply with the changes 
in carina angle. The stent was fully coated in silicone  
(Figure 2B). The total manufacturing time of the stent was 
3–4 days.

Stent placement procedure

The target position of the stent was determined using 
the 3D printed mold in preoperative planning. In the 
hybrid operation room where fluoroscopy, CT, and 
flexible bronchoscopy are performed in combination, an 
intravenous infusion of sodium lactate Ringer’s solution 

was administered after the patient was placed in a supine 
position. General anesthesia was administered by oxygen 
inhalation with a mask. Mechanical ventilation with a 
7.0 F tracheal catheter was performed by an anesthesia 
machine. Basic anesthesia monitoring of the blood pressure, 
heart rate, electrocardiogram, and oxygen saturation 
was continually performed for each patient during the 
procedure. The stent delivery system was advanced outside 
of the tracheal catheter under continuous oxygen supply. 
The location and extent of stenosis were determined under 
both flexible bronchoscopy and fluoroscopy guidance. The 
stent delivery system was introduced via 0.035-inch stiff 
guidewires (Terumo, Tokyo, Japan), and then the Y stent 

Figure 1 A 59-year-old man with airway stenosis due to the invasion of LC. (A) Oblique coronal reconstructed CT images showed the 
narrow airway including the lower trachea, carina, RMB, and the BI (white arrow); (B) 3D reconstruction based on CT images showed the 
anatomical relationship between the airway and the tumor; (C,D) bronchoscopy showed an irregular neoplasm protruding into the carina 
and RMB. LC, lung cancer; CT, computed tomography; RMB, right main bronchus; BI, right main bronchus; 3D, three-dimensional.
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was advanced and deployed across the stenosis, with its 
two ends located at least 1 cm beyond the periphery of the 
stenosis (18,19). Immediately after stent insertion, flexible 
bronchoscopy and chest CT were performed to ensure 
the appropriate positioning and patency of the stent in the 
hybrid operation room without transferring the patient to a 
separate CT room.

Follow-up

Flexible bronchoscopy and chest CT were performed  
7 days and 1 month following stent deployment to verify the 
patency of stents. Afterwards, the patients were followed up 
every 3 months if they did not show recurrent symptoms. 
Before and after stent deployment, the clinical symptoms 
were recorded, and the dyspnea grade and functional 
status of patients were evaluated using the Hugh-Jones 
(HJ) classification (20) and Karnofsky performance status 
(KPS) (21), respectively. Technical success was defined as 
proper placement of the stent at the target location across 
the stenotic segment with no major complications. Clinical 
success was defined as marked relief of dyspnea. Stent-

related complications were monitored during follow-up. 
The aforementioned definitions were based on previous 
studies (22,23).

Statistical analysis

The data was expressed as the median [interquartile range 
(IQR)]. The HJ classification and KPS before and after 
stenting were compared using Wilcoxon tests for paired 
samples. Overall median survival and cumulative survival 
rates were determined using the Kaplan-Meier method. 
SPSS 22.0 (IBM Corp., USA) and GraphPad Prism 6 
(GraphPad Software Inc., USA) were used for statistical 
analyses. The level of statistical significance was P<0.05 
(two-tailed).

Results

Patient characteristics

The median age of the patients (10 males and 2 females) 
was 54 (IQR: 50.3–65) years. All patients had dyspnea, 
along with other clinical symptoms including cough (n=8) 
and hemoptysis (n=1). Malignant stenosis was caused 
by LC (n=7) and esophageal carcinoma (n=5). Eight 
patients had extrinsic compression due to tumors and 
4 patients had mixed airway involvement. No patients 
showed airway stenosis combined with fistula. All patients 
underwent chemotherapy and/or radiotherapy, and none 
of them underwent surgery before stenting. The baseline 
characteristics of patients are summarized in Table 1.

Outcomes and follow-up

The stenting procedures were technically successful in all 
12 patients without procedure-related complications during 
stenting. The airway patency was restored after the stenting 
procedure according to bronchoscopy and CT (Figure 3). 
In a patient with stenosis involving the right main bronchus 
(RMB) and right middle bronchus, double Y-shaped stents 
consisting of a large and a small stent were used (Figures 4,5).  
A single Y-shaped stent was implanted in all the other 
patients. The arterial oxygen saturation values of all 
patients were sustained above 97% during the procedure. 
Bronchoscopy and chest CT after stenting showed that 
the stents expanded sufficiently and the airway lumen was 
restored immediately.

Eleven patients showed marked alleviation of their 

Figure 2 This is the same patient as presented in Figure 1. (A) The 
patient-specific airway mold was manufactured by a 3D printer 
based on 3D CT reconstruction. The severity and range of stenosis 
was shown clearly on the mold; (B) the segmented covered metallic 
Y-shaped airway stent was custom-made with the assistance of 
a 3D printed airway mold. The junction part of the main stem 
and the branches of the stent were made of PTFE (black arrow). 
3D, three-dimensional; CT, computed tomography; PTFE, 
poly(tetrafluoroethylene).
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dyspnea after the stenting procedure. One patient 

with advanced esophageal cancer (EC) who had severe 

pneumonia did not show marked clinical improvement. The 

HJ classification alleviated significantly after the stenting 

procedure [2 (IQR: 2–3) vs. 4 (IQR: 4–5); P=0.003]. The 

KPS of patients after the stenting procedure improved 
significantly compared with that before stenting [55 (IQR: 
50–60) vs. 50 (IQR: 40–50); P=0.006].

The median follow-up time was 169 (IQR: 67.5–255) 
days. No patients showed intolerance of the stent. After 
stenting, all patients received tumor-specific treatment 
including chemotherapy and/or radiotherapy. Two patients 
had stent restenosis due to granulation tissue proliferation, 
which was treated by ablation via flexible bronchoscopy. 
Four patients had mucus retention, which was managed by 
aspiration through a bronchoscope. No patients had stent 
migration during follow up. Stent removal was performed 
in none of the patients. The median overall survival time 
was 181 days. The cumulative survival rates at 3 months, 
6 months, and 1 year were 73.3%, 53.5%, and 21.4%, 
respectively. Nine patients died of tumor progression, 
and among these patients, 4 died within 3 months, and 3 
patients were still alive at the last follow up.

Discussion

In this study, the insertion of covered metallic segmented 
stents customized with the aid of 3D printing based on CT 
was technically successful in all 12 patients, and 11 of the 
patients (91.7%) showed significant palliation of dyspnea 
after stenting. This is consistent with the reported remission 
rate of dyspnea ranging from 70–100% in previous studies 
(24,25). This study therefore demonstrates that the 
implantation of novel stents designed with the aid of 3D 
printing is feasible for treating malignant airway stenosis 
involving the carina or bronchi.

Malignant airway stenosis is caused by various malignant 
tumors, such as LC, esophageal carcinoma, and metastases. 
Patients with malignant stenosis present with dyspnea, 
cough, hemoptysis, or a combination of these symptoms 
(1,2). A large number of patients are not able to undergo 
surgery due to an advanced tumor stage or poor general 
condition, undergoing chemotherapy and/or radiotherapy 
instead. For such patients, the primary aim of therapy for 
malignant stenosis is to reopen and maintain the airway as 
soon as possible to relieve respiratory symptoms, prevent 
obstructive pneumonia, and improve their quality of life 
(26-28). However, it takes some time for chemotherapy 
or radiotherapy to show apparent effects. In recent 
years, airway stenting, as a minimally invasive treatment, 
has become an effective method to provide immediate 
alleviation of dyspnea caused by malignant airway stenosis 
and improve quality of life (2,4,28). There are various kinds 

Table 1 Baseline characteristics of patients

Characteristics All patients (n=12)

Age (years)† 54 (50.3–65)

Gender

Male 10

Female 2

Etiology

EC 5

LC 7

Tumor stage

IIIA 3

IIIB 2

IIIC 1

IV 6

Previous treatment

Chemotherapy 10

Chemotherapy and radiotherapy 2

Location of stenosis

Carina, the lower trachea 1

LMB 3

RMB 2

Carina, RMB 3

Carina, RMB, LMB 1

Carina, RMB, LMB, BI 1

Carina, the lower trachea, RMB, BI 1

Type of stenosis

Extraluminal 8

Mixed 4

Tumor stage was assessed based on the 7th AJCC/UICC  
staging systems. †,  Reported as median ( IQR). AJCC,  
American Joint Committee on Cancer; UICC, Union for  
International Cancer Control; IQR, interquartile range; EC, 
esophageal cancer; LC, lung cancer; LMB, left main bronchus; 
RMB, right main bronchus; BI, bronchus intermedius.
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Figure 3 This is the same patient as presented in Figures 1,2. Follow-up CT and bronchoscopy 7 days after the stenting procedure. (A) 
Coronal reconstructed CT images showed that the airway patency was restored and the stent was in place; (B,C,D) bronchoscopy showed 
that the patency of the carina, RMB, and the BI was maintained by the stent. The stent was well attached to the bronchial wall. CT, 
computed tomography; RMB, right main bronchus; BI, right main bronchus.

Figure 4 A 71-year-old woman with airway stenosis due to invasion of EC. (A) 3D CT reconstruction image showed that the stenotic region 
of airway was compressed by the tumor. The narrow airway included the carina, LMB, RMB, and the BI; (B) the patient-specific airway 
mold was manufactured by a 3D printer based on 3D CT reconstruction. EC, esophageal cancer; 3D, three-dimensional; CT, computed 
tomography; LMB, left main bronchus; RMB, right main bronchus; BI, right main bronchus.
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of stents using different materials that have their respective 
advantages and disadvantages (24,29,30). Covered metallic 
stents have been widely used in malignant stenosis and can 
decrease the rate of granulation tissue proliferation and 
tumor ingrowth compared with uncovered metallic stents 
(29,30). In this study, we focused on malignant airway 
stenosis involving the carina or bronchi. Therefore, covered 
metallic Y-shaped airway stents were used. In some cases, 
extensive airway stenosis or fistula involving the trachea 
and bronchus can not be covered completely by a single 
Y stent. Previous studies have reported the feasibility of 
double Y-shaped stenting for such cases (31,32). In this 
study, double Y stenting was performed in one patient. The 
stenotic region was fully covered by the combination of two 
Y stents without covering the opening of the right upper 
lobe bronchus. Nevertheless, the efficacy and safety of 
double Y stenting requires further studies.

The treatment of anatomically complicated stenosis 

involving the carina or bronchi is challenging. The 
compatibility of commercially available airway stents is not 
satisfactory, and thus may lead to poor effectiveness and 
complications (5,10). Therefore, it is necessary to customize 
personalized stents to fit the anatomy of an individual 
patient’s airway. With the aid of 3D printing and computer-
assisted design, airway stents can be customized according 
to the dimensions of the airway, which vary greatly among 
different patients, especially in the anatomically complex 
carina region. Personalized customized stents therefore 
provide a better match to the airway, thus improving 
outcomes and reducing the risk of complications. Several 
previous studies have reported the application of patient-
specific silicone stents manufactured by silicone injections 
into 3D printed airway molds, and promising outcomes 
were obtained (5,10,12). However, no previous study has 
reported the use of metallic stents customized with the 
assistance of 3D printing, except for our previous studies 

Figure 5 CT and bronchoscopy images of the patient before and after double Y stenting. (A) Coronal reconstructed CT images showed 
the narrow airway including the carina, LMB, RMB, and the BI (white arrow); (B) bronchoscopy showed an irregular neoplasm protruding 
into the RMB; (C) coronal reconstructed CT images showed that the airway patency was restored and the 2 Y-shaped stents were in place; 
(D) bronchoscopy showed that the RMB was patent. CT, computed tomography; LMB, left main bronchus; RMB, right main bronchus; BI, 
right main bronchus.
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that reported the use of such stents for gastrorespiratory 
fistula (15,33). In this study, we evaluated the feasibility of 
metallic stents customized with the assistance of 3D printing 
for patients with malignant stenosis. The stents achieved a 
good match to the airway dimensions, and airway patency 
was effectively restored. In addition, the application of a 
3D printed mold strengthened the doctor’s comprehensive 
understanding of individual patient anatomical features, and 
helped doctors plan the accurate location of stenting to cover 
the stenotic segment before the stenting procedure. However, 
it should be noted that the manufacturing of such stents 
requires several days, and would therefore not be applicable 
for patients in an emergency setting. The added value of 3D 
printing in airway stenting for anatomically complex airway 
stenosis requires further validation by future studies.

The angle of the carina in the airway is not static, and 
it changes 10° or more with breathing movements and 
different postures in a normal person (14). In particular, 
for patients with malignant tumors involving the airway, 
a 20°–30° change in the angle of the carina should be 
considered due to the compression on the airway caused 
by the malignancy (13). In addition, for such patients, stent 
migration may occur due to tumor shrinkage after tumor-
specific therapy (34). To match the dynamic changes in the 
carina angle, we designed a novel segmented stent. The 
junction of the three separated parts of the stent was made 
of PTFE—a soft material, which enables the stent to adapt 
to changes in the carina angle. If the carina angle varies with 
the shrinkage or enlargement of the tumor after stenting, 
the segmented stent may adapt to the change better than a 
conventional wholly knitted stent, and thus the irritation of 
the stent on the bronchial wall, which may cause intolerance 
to the stent, is reduced. In the current study, the stents 
fitted well with the airways, and no intolerance of the stents 
or stent migration was found during follow up. Further 
studies will be required to assess the clinical benefits of 
the segmented stent. In addition, the flexible joints of the 
novel stents may make the precision of the angle of the 
stent less necessary compared with conventional stents. We 
have carried out a biomechanical experiment to test how 
the pressure of the stent on the bronchial wall changes with 
the angle of stent, and the results may provide guidance for 
stent customization. In clinical practice, we still try to make 
the angle of the stent consistent with that of the airway 
to reduce the stimulation on the bronchial wall in non-
emergency cases.

Airway stenting can not only relieve the symptoms caused 
by airway obstruction as a palliative therapy, but also can 

act as a bridging therapy to enable additional tumor-specific 
treatments, including radiotherapy or chemotherapy, after 
stenting (26,35). In patients with a good response after airway 
stenting and subsequent tumor-specific therapy that provides 
survival benefits and durable relief of dyspnea by reducing 
tumor burden, stent removal may be considered (36).  
In this study, although tumor reduction was achieved to a 
different extent in some patients after tumor-specific therapy, 
stent removal was not performed because of the advanced 
tumor stage and potential risks of stent removal.

In this study, general anesthesia was administered, 
and constant ventilation was provided through a small-
diameter tracheal tube, and the paths for oxygen supply 
and the stenting procedure were separated. Consequently, 
this provided enough time for the stenting procedure and 
therefore increased the accuracy of positioning and reduced 
procedural-related complications. In the current study, the 
stents were deployed accurately, and no major complications 
occurred during the procedure. In addition, the relative ease 
of the stenting procedure carries the potential to reduce 
the over-reliance on personal experience, and promotes 
popularization of the procedure.

There were several limitations in this study. First, there 
was no control group for comparison in this study. Second, 
the sample size was small. Third, the etiologies of the 
malignant stenoses were heterogeneous. Fourth, due to 
the advanced tumor stage of the included patients in this 
study, the survival time of patients was limited. Therefore, 
there was a lack of mid and long-term follow-up data of the 
stenting procedure. Further studies with a larger sample size 
and control group should therefore be performed to validate 
our conclusions. In addition, the inclusion of more patients 
who are sensitive to tumor-specific treatment will enable 
mid and long-term follow-up of the stenting procedure.

In conclusion, this proof-of-concept study illustrated 
that implantation of novel covered metallic segmented 
Y airway stents customized with 3D printing based on 
CT was feasible for relieving dyspnea and improving the 
performance status of patients with inoperable malignant 
stenosis involving the carina or bronchi. The long-term 
outcomes of this stent, designed with the aid of 3D printing, 
requires further study.
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