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Introduction

After wide excision of primary or metastatic chest wall 
tumors, reconstruction is needed not only to preserve 
cosmesis but to prevent respiratory compromise and to 
afford some protection to underlying organs. The most 
common materials used for reconstruction are synthetic 
meshes, methyl methacrylate patches and more recently 
titanium implants (1,2). Unfortunately, all these materials 
share similar inconveniences: resection margins are not 
prefixed before operation but subjectively fixed according 
to the findings and impressions during surgery so it is usual 
that the implant needs to be molded or cut thus leading to 
inaccurate fitting; fixation systems are mechanically unstable 
what increases the risk for device migration and finally, 
these prostheses are flat and rigid, being able to cause 
erosion of neighboring tissues, stiffness, pain, respiratory 
impairment and bad cosmetic results.

In an effort to solve these problems associated with 
traditional reconstruction methods and under the promise 
of better functional and cosmetic results, interest has been 
renewed for more customized solutions as those provided 
by additive manufacturing (AM), commonly known as 
tridimensional (3D) printing. 

What is AM?

AM is a process of joining materials to make objects 
from 3D model data, usually layer upon layer, as opposed 
to subtractive manufacturing methodologies. Since its 
inception in the aerospace and automotive industries, its 
applications in medicine are increasing its relevance during 
the last number of years.

The AM workflow starts with a creative design, followed 
by a manufacturing time and a post processing stage to end 
with a validation and quality process.

Design and manufacturing considerations 

Next to validation and quality process, creative design is the 
most important phase of AM because close collaboration 
between the designers and clinicians is needed to ensure 
the design meets the desired specifications from a clinical, 
mechanical, and manufacturing point of view. Besides 
this, an initial assessment including possible technical 
or manufacturing handicaps should be done taking in 
consideration technologies and materials to be used and the 
desired final purpose of the medical device.

The design stage starts with patient’s own medical images 
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in digital format. The image source can vary depending on 
the available equipment, being DICOM one of the most 
common formats for 3D file exchange. Once a 3D model 
is virtually created via dedicated software, the type of AM 
technique is chosen, the printing parameters are set and 
the whole process is revised to ensure that all software 
and systems have been qualified for the manufacturing of 
medical devices and are compliant with medical device 
manufacturing quality standards. 

Regarding the materials to be used for printing, 
biocompatible and osteoinductive materials are preferred 
for thoracic prostheses. Briefly, these materials can be 
classified in different families of polymers, ceramics, metals 
and composites (3). Polymers have been one of the most 
used materials in 3D printing applications such as cranial 
implants (4) or tracheomalacia splints (5) in the form 
of bioabsorbable polymers such as poly-ε-caprolactone 
(PCL) (6,7), Poly(l-lactide) (PLLA), poly(L-lactide-co-
glycolide) (PLAGA), or polyethylene (PE) and recently as 
polymer-ceramic blends from poly(l-lactide)/carbonated 
hydroxyapatite composites or Poly-e-caprolactone/
hydroxyapatite scaffolds (8). Metals and their alloys (most 
commonly titanium or stainless steel) are used for load-
bearing implants (e.g., hip or knee) due to their mechanical 
reliability, strength and stiffness; in thoracic surgery, their 
toughness and impact resistance have made them especially 
attractive for the manufacture of thoracic wall prostheses. 
Finally, ceramics have excellent biocompatibility and they 
are usually employed to coat the metallic core structures of 
prosthesis, thus the ceramic provides the hardness and wear 
resistance while the metallic core provides toughness and 
high strength for load bearing applications (9). Examples of 
different printable ceramics are alumina, zirconia, silicon 
nitride or tricalcium phosphate. 

Post-processing stage

Once the component has been manufactured, the procedure 
continues with post-processing stage, where the printed 
device is separated from the plate and supports on which is 
printed and further steps are executed, such as machining 
(roughing and polishing), heat treatment or cleaning and 
sterilization. 

Validation and quality process

A printed device has a good quality when the objectives for 

which it has been designed and manufactured are perfectly 
fulfilled or in other words, when its design, material 
characteristics and properties correspond exactly with the 
ones planned.

Not all AM techniques can be used to manufacture 
implantable devices, since some do not meet the minimum 
mechanical, physical or chemical requirements for this. The 
manufacturing inputs for every AM technique (parameters, 
process steps and raw materials) are different and may even 
vary within each of them. Moreover, printing materials 
can suffer very variable physical and chemical changes 
depending on the type of printing procedure thus leading 
to radically different outputs (final devices) with different 
levels of quality. This means that quality achievement 
strongly depends on the knowledge around how each single 
detail of the manufacturing process affects the final results. 
Although most of the times it is possible to achieve adequate 
quality only by exhaustively control of the manufacturing 
process, in other cases further validation steps should be 
considered, verifying through specific inspection and testing 
the final quality of the device. In addition and for patient-
matched devices, the final product is different in each case 
(one patient, one custom-made implant) so the quality 
certification is around the process and not around the 
product itself. Therefore, when accessing to AM services 
for the manufacturing of implantable devices, a clinician 
must be fully sure about the expertise of the company in the 
field and the existence of quality control systems specifically 
validated for the manufacture of medical devices, such as 
ISO 13485. 

AM applications in healthcare 

As with any new medical technology, research efforts in AM 
are now focused in establishing its utility in various clinical 
settings. This technology is a rising trend in medicine as 
proved by the existence of dedicated radiology printing labs 
in very relevant hospitals such as The Mayo Clinic. In these 
facilities, investigators create on-demand medical devices 
with a broad range of biological and physical properties that 
can be paired with medical imaging (computed tomography 
magnetic resonance or 3-dimensional ultrasound) to be 
tailored to an individual patient’s anatomy. 

AM applications in surgery

Most of the applications of 3D printing in surgery are 
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focused on these four categories: surgical 3D models, surgical 
tools and templates, tissue engineering and implants:

(I) Models: 3D printed models have been successfully 
tested in many surgical disciplines for pre-operative 
planning, counselling with patients, education 
of students/residents and surgical training. They 
are highly accurate reproductions that allow for 
tactile and 3D inspection of the tissues, what help 
the comprehension of anatomical details in a 
more effective way than conventional 2D imaging 
and 3D virtual models, giving the surgeon the 
ability to plan out accurately what must be done 
during the operation. Examples of these models 
are printed aortic devices for vascular surgery, 
aneurysm model for endovascular repair, cardiac 
simulation for planning of tumor resections 
and repair of congenital defects, neurosurgical 
navigation training and planning of tumor resection 
and treatment of trauma injuries in orthopedic  
surgery (10). Within thoracic surgery field, some 

relevant centers such as The Mayo Clinic has been 
using them since 2006 for educational and clinical 
purposes (11) and now its use is very common, being 
a basic tool also in our center (Figures 1 and 2).

(II) Surgical tools and templates: AM is also employed 
for adaptation or creation of new surgical tools that 
improve access to the surgical field, simplifying the 
operation and improving its outcomes. Patient-
specific surgical templates are especially interesting 
to guide a surgical instrument for precise handling 
where exact cutting or drilling is required as 
frequently occurs in maxillofacial or orthopedic 
surgeries; in some thoracic interventions, these 
templates has also been used as the way to allow 
intraoperative precise setting of resection margins 
for a perfect implant fitting (12).

(III) Tissue engineering (13): although only some 
preliminary steps are being taken, the last 
promising application for AM in surgery is tissue 
engineering. A 3D printer can bind new porous 
biomaterials to form complex ceramic scaffolds that 
encourage the growth of bone in any shape (14). 
An even more specific approach would be two-
phase systems (loaded nanoparticles embedded into 
printed scaffolds seeded with stem cells (15,16), 
since some of them offer promising results even 
in cases of full-thickness chest wall defects (17). 
Nowadays, the use of tissue engineered printed 
devices in thoracic surgery remain limited to some 
experimental, non-clinical cases. 

(IV) Implants: the manufacture of custom made 3D 
printed implants is clearly the main utility of 3D 
printing in surgery. Specialties such as maxillofacial 

A B

Figure 1 Computerized 3D modelling of cardiac structures (A) and main pulmonary arteries (B) ready to be printed. 

Figure 2 Printed rib cage for video-assisted thoracic surgery 
(VATS) training.
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surgery (fixation plates and screws, mandibular 
prostheses,  polyethylene plates for orbital 
reconstruction…), neurosurgery (cranioplasty plates 
for reconstructing skull defects) or orthopedics, 
(bony prostheses for reconstruction after tumor 
resection, customized external fixators for treating 
fractures, cervical spine reconstruction…) are now 
common users of these technologies.

This aspect of AM is also the most developed within 
our specialty to have various clinical applications: from 
tracheal splints to treat tracheomalacia (5) going through 
personalized bronchial stents (18) until you get to custom 
made sternocostal implants, where most of the efforts are 
now concentrated especially for reconstruction in complex 
cases or in areas with more specific anatomical or functional 
requirements such as the sternal area (12,19-21) (Figure 3). 
Step by step, the indications for the use of these devices are 
being extended to other areas of the chest wall in an attempt 
to solve more specific problems such as, for example, 
reconstruction in the pediatric population (22,23).

A day to day technology in thoracic surgery? 

Despite the great advances made in the field of 3D printing, 
the use of custom –made thoracic prostheses has been 
quite limited. To start with, many thoracic surgeons are 
reluctant to this new technology and consider them as “the 
new, expensive and unnecessary way to do things as they 
have always been done”. This way of thinking is usually 
reinforced by the fact that there are many experimental 
studies on 3D printing but related clinical studies are scarce, 
heterogeneous and reports inconsistent short and mid-term 

outcomes. Given this framework, is clear that if we want 
to solve the problem of translational evidence (translation 
of experimental data into daily clinical experience) we 
need new rules for this game and suggestions for future 
prototyping could be grouped in two different areas: 

(I) Technical and functional issues: there is a need 
for novel techniques and materials suitable for 
3D printing that lead to reduce prostheses weight 
and rigidity, develope easier and more secure 
anchoring systems and fine tune of resection margins 
measurement. Most of these improvements depend in 
fact on materials engineering, software or industrial 
design thus are beyond our scope, but collaboration 
with dedicated 3D printing engineers is crucial in 
order to guide their efforts towards clinically-relevant 
objectives to be initially tested in mechanical assays 
followed by experimental studies on animal models 
ideally linked to phase I clinical trials. 

Macroscopical function of a 3D prosthesis is 
linked to its external morphology or design. Beyond 
merely aesthetic results, this aspect is important for 
their articulation within the chest wall not to impair 
its normal function. All of actually released devices 
(19-21) claim to improve functional outcomes 
after chest wall reconstruction but unfortunately, 
this affirmation is far away to be truth because 
these prostheses are capable to flex and distend 
but the real dynamics of the thoracic cage is much 
more complex .Specific criteria for motion range 
evaluation of these prostheses are neither stated 
nor applied (24) although new biomechanical 
simulation models of thorax deformation (finite 
element approach) (25) promise to revolutionize 
functional design and some recent papers about  
in vivo assessment of post implantation function via 
optoelectronic plethysmography (26) can help in 
this aspect too. 

There is also a microscopical function based on 
the prosthesis properties at micro and nanoscale 
such as chemical composition of the material of 
which is made, grain size and shape, microporosity 
or roughness (3) at the intimate contact surface 
between the host and the implant (interface). This 
interface is fully customizable to achieve better 
integration with the host tissue (adequate anchoring 
at the time of placement, absence of mobility 
after healing) (Figure 4) and balanced adaptive 

Figure 3  Custom-made titanium-printed prosthesis for 
sternocostal reconstruction after sarcoma resection.
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remodeling (absence of sclerosis or osteoporosis 
in the host bone as response to implantation)  
(Figure  5 ) .  Equa l l y  to  t echn ica l  a spec t s , 
improvements in both integration and remodeling 
largely depend on experimental, cooperative 
studies and as much for technical as for functional 
issues, the final goal should be full standardization, 
that is, design and manufacturing process is fully 
standardized for all type of thoracic prostheses 
(costal, sternal, clavicular…), so that only small 
modifications would have to be made to adapt it to 
each particular case. 

(II) Logistic issues: as stated by Okereke (24), there is 

a real concern on the reduction of manufacturing 
costs and time to further increase the accessibility 
of 3D printing. The ability to quickly create a 
custom implant that is safe to use in the patient 
and comparatively low cost is the key factor here 
and as previously said, it depends on technical and 
functional improvements to achieve standardized 
manufacturing, what would allow us to combine 
the best of customization with production on an 
industrial scale, favoring the alternative use of these 
implants with indications similar to those of other 
reconstruction techniques. 

Although 3D printing offers great potential for its 
application in surgery, there are a few significant issues 
to overcome before it can be considered as a common 
technology (27). Some of these clinical issues has already 
been previously mentioned (weight, tissue integration…) 
while many other technical aspects such as the printing 
speed and resolution of the printers, versatility and diversity 
in printable biomaterials, quality control or regulatory 
hurdles should be addressed before these 3D printed devices 
may be considered common use on a day to day basis.

Conclusions

AM technology has shown the potential in manufacturing 
new designs that could not be dreamt before, allowing 
new applications to be done every day. However, it is still 
important to consider its limitations of the process and rules 
because 3D printing processes are complex manufacturing 
technologies with a wide number of variables involved in 
the process and therefore building experience around the 
process has become vital. 

There is no doubt that 3D printing has an immense 
potential in health care in general and in thoracic surgery 
in particular. It is crucial to understand that we are 
immersed in a new era in which the borders between 
disciplines such as industrial engineering, chemical 
engineering, biomedicine or clinical medicine are becoming 
blurred. Clearly, the future of our specialty goes through 
multidisciplinary groups, with this cooperation leading 
lead us to the development of new customized prostheses 
increasingly functional, cheap and sufficiently standardized 
to be able to be produced on an industrial scale without 
losing its personalized character. However, as in any other 
field of innovation, great advances will require some 
patience and a good deal of investment in order to develop 

Figure 4 Microscopical integration between titanium (black area) 
and bone at the level of the prosthesis interface.
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Figure 5 Bone adaptive response: a load too light on the articular 
surface will cause bone resorption and atrophy while an excessive 
weight will in turn derive in bone sclerosis. Desired adaptive 
response to a prosthesis is between these two situations.
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enough well designed experimental and phase I clinical 
studies to achieve enough translational clinical evidence 
to boost broad dissemination of medical 3D printing at an 
affordable cost.
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