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Abstract: It has been 30 years since the first commercial three-dimensional (3D) printer was available on
market. The technological advancement of 3D printing has far exceeded its implementation in medicine.
The application of 3D printing technology has the potential of playing a major role within interventional
pulmonology; specifically, in the management of complex airway disease. Tailoring management to the
patient-specific anatomical malformation caused by benign or malignant disease is a major challenge faced
by interventional pulmonologists. Such cases often require adjunctive therapeutic procedures with thermal
therapies followed by dilation and airway stenting to maintain the patency of the airway. Airway-stent size
matching is one key to reducing stent-related complications. A major barrier to matching is the expansion
of the stent in two dimensions (fixed sizes in length and diameter) within the deformed airway. Additional
challenges are created by the subjective oversizing of the stent to reduce the likelihood of migration.
Improper sizing adversely affects the stability of the stent. The stent-airway mismatch can be complicated
by airway erosion, perforation, or the formation of granulation tissue. Stents can migrate, fracture, obstruct,
or become infected. The use of patient-specific 3D printed airway stents may be able to reduce the stent
airway mismatch. These stents allow more precise stent-airway sizing and minimizes high-pressure points
on distorted airway anatomy. In theory, this should reduce the incidence of the well-known complications of
factory manufactured stents. In this article, the authors present the brief history of 3D printed stents, their

consideration in select patients, processing steps for development, and future direction.
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History of three-dimensional (3D) airway stenting to patient-specific 3D printed stents (PS3DS). Although

new stents are regularly introduced to the existing market,

The birthplace of the silicone airway stent was Marseille, a “universally accepted” stent has yet to be developed (2).

France in 1987 (1). Silicone stents were deployed via rigid Like fingerprints, no two tracheobronchial diseases

bronchoscopy and came in different shapes (bronchial, manifest alike, and the airway has dynamic motion with

tracheal, tracheobronchial Y, and hourglass) and sizes.
This followed with the adaptation of self-expandable
metal stents (SEMS) from the gastroenterology and their
subsequent use within the tracheobronchial tree. Over
the past few years, stent technology has rapidly matured.

Advancements in biomedical engineering have given rise
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inspiration, expiration, and cough. Due to these intricacies,
mass manufactured stents may not be the ideal solution for
all patients or even groups of patients. Precision medicine
focuses on optimizing efficiency or therapeutic benefit for
a particular group of patients; it is being heavily researched
in the disciplines of cardiology and oncology (3,4). Patient-
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Figure 1 Formation of mucus plug within a stent. The inability to
clear secretions due to the obstruction leads to the development of

a pneumonia.

complication occurred in a patient who had excessive coughing due

respiratory syncytial virus infection.

specific 3D airway stents can be seen in a similar light; the
device is tailored to the patient, and not vice versa.

Airway anatomy

A tracheobronchial tree is unique for each person. It varies
based on the age, gender, and height of an individual. Normal
tracheal diameter ranges from 16-20 millimeters (mm)
and the length 10-14 centimeters (cm). The trachea has a
unique “D” shape on a cross-section with a flat membranous
posterior wall and a cartilaginous anterior arch. The right
main bronchus length is shorter than the left main bronchus
(1.5 vs. 4.5 cm). This is due to the more proximal take off
the right upper lobe in comparison to the left upper lobe.
Both main bronchi range between 8-12 mm in diameter.
As no two tracheobronchial trees are exactly alike, it is
challenging to find a perfectly matching tracheobronchial
stent when disease can alter all the dimensions differently.
Patient-specific 3D printed airway stents are typically
considered in complex airway disorders, which are a
heterogeneous group of pathologies. Airway narrowing or
obstruction can produce a variety of respiratory symptoms
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that can range from mild respiratory distress to profound
respiratory failure and death.

The compromise of airways can be due to benign
or malignant processes. Examples of benign pathology
include subglottic stenosis (post-intubation or due to
inflammatory disorders such as granulomatosis with
polyangiitis or sarcoidosis), tracheal or bronchial stenosis,
tracheobronchomalacia, excessive dynamic airway
collapse, non-malignant fistulas (tracheoesophageal,
bronchoesophageal, or bronchopleural), or anastomotic
complications amongst lung transplantation recipients (5).

Malignancy related airway obstruction can occur in
primary lung cancer as well as metastatic disease (breast
cancer, colon cancer, sarcoma, melanoma, renal cell cancer,
etc.). Malignant airway obstruction can arise due to extrinsic
compression, endobronchial obstruction, or a combination
of both processes (6).

Current airway stenting practice patterns

Management of diseases compromising the tracheobronchial
tree is highly viable and predicated on several factors: local
practice pattern, equipment availability, operator preference
and experience, etc. Often, treatment mandates frequent
airway evaluation with bronchoscopy and interventions to
recapture the airway such as sequential balloon dilation,
mechanical debulking, non-mechanical debulking with a
variety of tools (thermal, laser, or cryotherapy-based ablation
modalities), and stent placement for airway stabilization. The
stent plays the role of airway maintenance to enable proper
ventilation of the lung parenchyma beyond the stricture
in malignant airway disease and to enable proper healing
with minimization of the narrowed area of the airway in a
benign airway disease. Stent matching of the malformed
anatomy is critical to minimize the friction effect between
the stent and the mucosa. Undue friction can to granulation
tissue formation, and subsequent restenosis. Interventional
pulmonologists have been facing complex airway disease
and implanting various tracheobronchial stents for decades.
In current practice, silicone and SEMS are the two main
groups of airway prostheses. Both can achieve airway
patency and maintain ventilation of the lung parenchyma
for a time. Without a precise fit into the area, complications
can arise with either type of stent: plugging with or without
concurrent infection (Figure 1), metal fatigue leading to
fracture (Figure 2), migration (Figure 3), formation of
granulation tissue (Figure 4), and mucosal incorporation
with possible erosion and perforation (Figure 5) (7).
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Figure 3 Proximal migration of straight silicone stent into the
distal portion of the trachea. The stent was initially seated in the

left main stem bronchus.

Figure 4 Granulation tissue formation with complete occlusion at
the distal end of a SEMS. SEMS, self-expandable metal stent.

Figure 5 Bronchoscopic image of tissue ingrowth through a fully
covered SEMS. The tissue is seen growing over the nitinol wire

frame. SEMS, self-expandable metal stent.

Silicone stents and SEMS have individual advantages and
disadvantages (Tiable ). There are a number of biophysical
interactions that can have an adverse effect on the stent-
airway interface. Self-expanding metallic stents are not
static in size. Their lengths can change under compression
through a phenomenon known as foreshortening. Coughing
can cause mucosal trauma from the movement of wire edges
which eventually can lead to granulation tissue formation (8).
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Suboptimal pressure distribution can also cause damage to
airway mucosa by impeding microcirculation and fibroblast
proliferation (9). In some cases, the unequal pressure can
lead to mucosal erosion and associated airway perforation.

Scar tissue and tumor respond differently to the
expandable pressure generated by dilation of a stent. A
stenosis may reopen easily with an expansile force but may
not be able to resist compression due to adjacent tumor
growth, this phenomenon is seen usually when balloon
bronchoplasty is applied at the narrowed airway. Following
dilation of the airway, there is a tendency to re-collapse
due to external pressure from an extraluminal mass. This
balance of viscoelastic factors is a complex, but an important
interaction between the stent and the airway.

The silicone stent is cheaper when compared SEMS.
Typically, they come in straight and Y varieties. The Y
silicone stent is more predisposed to mucus build up,
which can lead to plugging and infection. Straight silicone
stents are more likely migrate when compared to their
metallic counterparts (10). Due to its configuration, the Y
silicone stent tends to migrate less when compared to their
straight counterparts. For proper maintenance, silicone
stents typically require, medication to help with mucus
clearance, frequent surveillance bronchoscopies with stent
revision (11,12).

Due to the materials used for production and the
manufacturing process, SEMS are more expensive. When
deployed, these stents expand within the airway. The
expansive force must be optimized to reduce the risk of
complications. Too much expansive radial force can cause
tissue injury due to mucosal ischemia, while too little (or too
much) can lead to stent migration (13). Metal fatigue and
stent metal fragmentation are not uncommon phenomena
(7,12). Stent deployment must be performed with care as
the SEMS can follow the path of least resistance (non-
stenotic airway segment) rather than staying engaged in the
stenotic area (Figure 3).

Although the SEMS that are currently available on
the market comes in a variety of sizes, the problem
of size mismatching between tracheobronchial is still
encountered by many interventional pulmonologists (2).
One of the options is to customize manufactured silicone
stents to accommodate with the airway anatomy. These
adjustments include cutting the silicone stent to fit the
airway narrowing and avoid coverage of the main lobar
outlets, using intussusception technique to extend the stent
length to cover a larger area of stenosis (14), and suturing
two different types of silicone stents together (Y stent and
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Table 1 Comparison of silicone stents and self-expanding metallic stents (SEMS)

Stent type Silicone

SEMS

Deployment mechanics
Infection

Mucus plugging Higher likelihood

Requires rigid bronchoscopy

Higher likelihood of infection

Rigid bronchoscopy is not always required
Lower likelihood of infection*

Lower likelihood

Migration Migration is common with straight variety Lower risk of migration

Sizing Adjustable with modifications such as cutting Fixed manufactured sizing
and suturing

Cost Affordable Expensive

Granulation tissue formation Comparable to SEMS

Airway perforation and erosion Relatively lower risk

Comparable to silicone stent

Expandable pressure imparts a greater risk

*, fully covered metallic stents may have the same rate as silicone stents.

bronchial straight stent) to better approximate the size
and length of the main bronchus (Figure 6). While these
techniques are somewhat effective, they fail to achieve the
desired degree of precision for stent-airway size matching.

3D airway stent printing

In response to the limitations of commercially available
stents, alternative methods of airway stent manufacturing
such as custom 3D stent printing are being considered.
The pioneers of 3D printing include Dr. Kodama, Charles
Hull, and Charles Deckard. The application of 3D
printing in medicine is not a novel concept. The medical
industry accounts for over a quarter of the applications
of 3D printing amongst various fields (15). Initially used
for prototyping, 3D printing is now used to manufacture
prosthesis, instruments, implants, and artificial organs
for research purposes. With the right equipment and
expertise, 3D printing can allow point-of-care fabrication of
customized implants, including airway stents.

It must be kept in mind that the variability of build
processes and high degree of customizability pose
challenges to meeting regulatory standards and quality
assurance (16). Conventional design validation for custom
3D printed airway stents is both labor and cost intensive.
As an alternative, finite element analysis (FEA) can be
used to predict the mechanical performance of a virtual
device model (17). The use of FEA avoids the sacrifice of
the printed device that would occur during conventional
mechanical testing. The acceptance of conventional design
validation by FEA has not been expressed by the United
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States Food and Drug Administration (USFDA) (16). At
present, very little guidance exists for quality assurance of
3D printed implantable devices.

There are several key post-printing processes that
are essential to the creation of any 3D printed medical
device. Post-manufacturing processing is needed for
any 3D printed stent. The method and materials used
are dependent on the printing process that was utilized.
Tumblers, sandblasting, or air-blasting may be needed.
The International Organization of Standards (ISO) has
published their standards for assessment of biocompatibility
of medical devices, ISO 10993 (18). This 68-page document
outlines the regulatory standards that must be followed for
any device that will be directly or indirectly making contact
with the body. Airway stents are considered class III devices
by the USFDA (19). For class III devices, the USFDA has
adopted and enforced the ISO recommendations.

Sterilization is also an important process that cannot be
overlooked with 3D printing. The probability of a single
unit being non-sterile after it has undergone sterilization
is known as the sterility assurance level (SAL). The
material used for printing, the availability of sterilization
processes, and the interaction between the sterilization
process and the printed material dictate the type of process
used. The melting point of some printing materials
(such as PCL) is below the temperature of conventional
sterilization processes such as steam and ethylene oxide
gas. A consensus strategy for the validation of sterility
is yet to be developed. At present, the USFDA is also
considering sterilization and subsequent reuse of 3D
printed implantable medical devices (16). Whether such
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Figure 6 Silicone stents can be customized in a variety of ways to improve matching with the airway. Cutting and end-to-end suturing of

multiple stents can help create a specific shape.

processes will be approved is yet to be determined; their
applicability to PS3DS will likely be limited due to the
patient-specific nature of the stent design.

3D printing process

Presently, the majority of 3D printing within medicine is
for creating surgical guides and surgical planning (20). The
application of 3D printing for custom implants (including
airway stents) is still in its infancy. 3D printers have
undergone significant enhancements in the current century.
Unfortunately, there has been a delay in implementing this
technology in pulmonary medicine; specifically, in the realm
of PS3DS. A major barrier that contributed to this delay
was the inability of the end-user (i.e., an interventional
pulmonologist) to easily create a platform for the design
and manufacturing of a PS3DS. Another bottleneck has
been finding the optimal printing material that allows for
easy deployment within the airway and counteracts luminal
pressure to maintain airway patency.

The current technology used in 3D printing are the
stereolithography, selective laser sintering (SLS), MultiJet
modeling, and fused deposition modeling. The procedural
details and materials needed vary from method to method.
The US Food and Drug Administration approved multiple
materials for medical 3D printing: polycaprolactone (PCL),
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polylactic acid (PLA), and poly lactic-co-glycolic acid
(PLGA). These materials can be used alone or combined
together to manufacture the final product. The mechanical
characteristics of the printed device depend on the mixture
ratio of PLA and PLGA. In addition to biocompatibility,
both materials are biodegradable (21).

During the initial steps, CT subtraction imaging is
used to create the platform for the prototype that will be
used in the 3D printer. The CT chest imaging is used to
create a 3D virtual model by calculating a centerline for the
patient airway. Using this as a platform, the interventional
pulmonologist is able to form a PS3DS (Figure 7).

The build of the 3D prototype starts by subtracting
the data from the CT chest images and generating an
image structure segmentation as digital imaging and
communications in medicine (DICOM). The DICOM file
is then converted to a standard tessellation language (STL)
file generated by a computer-aided design program. The
STL file can be used by the 3D printer to design the stent
into several layers that range between 0.005 to 0.013 mm in
thickness.

The costs of PS3DS can also vary widely. Overhead
costs include the printer itself and the materials used for
development of the prosthesis. Overall, the price per stent
is difficult to estimate due to the wide variance of the
costs for the process as a whole: printer, printing material,
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Figure 7 Illustration of the prescription software using a virtual
image to build a 3D stent platform. The virtual file generated by
a computer-aided design from DICOM that converted to a STL.
DICOM, digital imaging and communications in medicine; STL,
standard tessellation language.

imaging, practice prints, designing software, computer,
and dedicated time. It is yet to be determined if PS3DS is
a cost-effective option.

3D printing landscape in present day

When compared to other subspecialties, interventional
pulmonology in its adolescence. If plotted on the same time
scale, the use of PS3DS in complex major airway disease is
still in its infancy. Clinical trials do not exist, and long-term
outcome data is years away. The current data regarding
PS3DS is limited to a small number of case reports.

The first published use of an airway PS3DS was in
France. A PS3DS was used successfully in a patient with
a complete stenosis of their bronchus intermedius with
partial dehiscence of the bronchial anastomosis in their
lung allograft (22). The patient in the study reported an
immediate improvement in symptoms, there were no
reported complications. Gildea and colleagues were the first
to use a PS3DS in a human being. They later published
their one-year experience with PS3DS in two patients with
airway disease due to granulomatosis with polyangiitis (23);
the report was the first of its kind in the United States. Both
stents were removed after one year in order to deviation
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from standard of care with silicone stones and to comply
with the obtained USFDA compassionate use exemption.
Most recently, two silicone Y PS3DS were developed and
implanted via a collaboration between physicians in Austria
and the United States (24). Although not technically an
airway stent, a 3D printed airway splint has been created
and used in severe tracheobronchomalacia of infancy (25).
Opverall, there is a large gap in medical literature pertaining
to PS3DS. There is no published outcome comparison data
between PS3DS and standard airway stents (26).

Future directions

With biomedical engineering evolving at a rapid rate, we
anticipate the use of PS3DS to become more widespread.
Technological advancement will make printing more widely
available, faster, and cheaper. Patient-specific short tracheal
cannulas can be developed from data from derived purely
from imaging (27). We anticipate that with continued
improvement with imaging and printing, PS3DS will
be able to be printed to match the patient’s airway with
extreme precision. Work is being undertaken to better
optimize the stent-airway interaction with PS3DS. The
ability to predict and test forces of the adjacent airway on
the stent itself would be a major advancement in the field. A
group from Spain has proposed a system of computer-based
mathematical optimization of a stent. Unfortunately, it is
not sustainable due to the high demand on processing power
and expertise. Mitigation of infection risk with PS3DS is
another arena of research. A variety of methods have been
proposed, but their feasibility and ability to gain approval
by regulatory bodies remains in question: bactericidal agent
incorporation into the printing material or stent coating,
combination of hot fused filament techniques or injection
mold technique with a wet printing or electrospinning, and
incorporation of antibiotics into polymers (28).

To add another facet of complexity, the development
of drug eluting stents is possible and has some potential
advantages: reduction of granulation tissue formation
and inhibition of tumor ingrowth. At this juncture,
manufacturing is technically feasible, but it would be fraught
with regulatory challenges. Once a drug is embedded,
any stent is seen as a pharmaceutical product and not an
implantable medical device (29). This would open the stent
to the rigorous and more robust regulatory procedures
faced by pharmaceutical products, and not simply a medical
device.

Airway stents are rarely implanted with the intention
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of being permanent. Biodegradable stents are currently
available for use in the cardiovascular system (30). In the
future, it is possible that similar technology may cross
over into pulmonary medicine. Freitag and colleagues
are developing and testing biodegradable airway stents in
animal models (28). For optimal effect, the degradation
time constants of these stents have to be well-studied as
erratic and unpredictable dissolution can have adverse
impacts on the airway. The consideration of their use is
several years away.

In summary, PS3DS within the tracheobronchial tree
are not yet ready for prime time. They are only being
considered in the cases of compassionate use and are
pending prospective studies. Further research is needed to
assess their efficacy, safety, and practical feasibility. Their
biggest advantage is the ability to be tailored specifically
to a lesion in a patient’s airway. Although the early clinical
experience is promising and the employed technology is
exciting, the clinical value proposition is yet to be discerned
in comparative clinical trials.
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