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Prospects of 3D-printed sternum prostheses: a review
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Abstract: The stable yet dynamic reconstruction of large chest wall defects involving the sternum is a
challenge. Titanium bars, mesh grafts, muscle and omentum flaps, methyl-methacrylate, and last but not
least the implantation of sternal allografts from deceased donors are approaches for these operations. With
the emerging 3D laser printing technique, a new era in surgery has begun, offering customized implants that
were individually designed by using the patients CT scan as a template. Based on a PubMed literature review
we compared 78 patients treated with the widely practiced standard techniques using titanium bars and
mesh graft for sternal reconstruction to the first 11 cases reported using 3D-printed sternal prosthesis. We
also took in seven cases with standardized sternum replacements made of Alumina ceramic and 19 patients
after a sternal replacement with a cryopreserved allograft in the comparison, to include all treatment aspects.
Each of the presented 3D-printed sternum replacements was designed differently as their creators put much
thought in the best possible way of anchoring the adjacent rib stumps and allowing surrounding tissue to
grow in easily. All of the patients who received a customized implant recovered quickly from the operation
and complained of little impairment afterwards. The patients who were treated in the standard technique
also received a stable and safe sternum replacement with little complications postoperatively. Since most of
these patients were suffering from malignant diseases, there is a lack of long-term follow-up. With the first
few cases with personalized 3D-printed sternum replacements we can only partially outline the scope and

possibilities offered by this technique. Apart from obvious disadvantages regarding the production process,

the new technique already seems by no means less effective in comparison to the standard procedures.
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Introduction

Large chest wall defects following resection of a chest
wall tumor in ribs or sternum, have always been associated
with higher morbidity and mortality. Both the better
understanding of the physiology of breathing and the
upcoming technical possibilities to integrate stable and
inert materials in chest wall defects have led to drastic
improvements in respiratory function, cosmetic results and
thus the quality of life after chest wall resections.

Current concepts of reconstruction after full thickness
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chest wall resections are described as “sandwich technique”
and include mesh-closure of the defect to prevent lung
herniation, rigid stabilization to overcome flail chest and
coverage with viable tissue, to secure sterile embedding of
the foreign material and protective closure (1-3). Methyl-
methacrylate has long been used with flexible meshes
to create patient adapted rigid prostheses in situ with
encouraging results (2). But the conjunction with rib stumps
caused permanent pain or discomfort in some patients
because a stable anchoring was not always possible.

Ideal materials to cover chest wall defects need to be
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remarkably versatile: rigid and stiff to protect the thoracic
organs and prevent paradoxical motion on the one hand,
malleable to adapt to the shape of the chest wall, flexible
enough to allow breathing excursions, biologically inert or
even allow the ingrowth of tissue and radiolucent on the
other hand (4,5).

These requirements are only partially met with materials
which are in widespread use at present (6-9).

The invention of 3D printing techniques with the
possibility of producing exact titanium or polyethylene-
based copies of virtually any part of the skeletal body has led
yet to another era in reconstructive surgery (10,11).

The aim of this review is to gather experiences regarding
these new materials with special focus on sternum resection
and finally, to draw prudent conclusions as to if or how the
treatment of rare chest wall tumors can be improved with
new implants.

Indications

The necessity of a bone prosthesis for the chest wall
obviously depends on the size as well as the location of the
resection. While defects in the anterolateral region that
are bigger than 5 cm in diameter or involving more than
three ribs always need coverage, at least with artificial or
biological mesh to avoid lung herniation, there is no need
to cover even larger resections in the dorso-apical region
because of the additional protection of scapula and shoulder
girdle (7,12). Rigid reconstruction after sternal resection is
mandatory at least for large resections >10 cm or complete
sternectomy, because paradoxical respiration cannot be
overcome with mesh implants alone (8).

Materials and methods

We entered the words—sternum prosthesis—in the
PubMed database and compared all case reports in English
language with the clear focus on new technologies, namely
3D printing in comparison to differently sized standard
models. The process of 3D printing and characteristics
of the particular material are then described. We found
reports about customized 3D molds made from titanium,
carbon fiber, and polyethylene with short- and mid-term
results (5,10,11,13-19). Alumina ceramic was the chosen
material for standardized sternum replacements (20,21).
As a comparison, we included conventional sternum
reconstruction with titanium bars into our analysis (1-3,6-9).
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Titanium vib bridge system

Fabre et al. presented a series of 24 patients with sternum
resections of >10 cm who received chest wall reconstruction
with a layer of mesh sutured to the rib ends and
reinforcement of the chest with titanium rib bridge system
(STRATOS, MedXpert, Germany) in 19 patients. They
used a mean of 2 bars per patient. Similarly treated patients
were presented in studies by Hamad et 4/, Berthet et al.,
De Palma et al., and Gao ez al. (6,7,9,22). We present a case
with similar reconstruction (Figure I).

Titanium molds

Based on high resolution CT scan data, a 3D model of
the bony thorax and tumor was generated using a special
software. With an additional computer-assisted design
(CAD) measurement tool, the 3D model of a prosthesis
was designed. Another Program translated these data into
a readable STL (Standard Triangle/Tessellation Language)
format for the 3D printer. Using powdered titanium with
the electron beam melting (EBM) technology, layer on
layer of fused material was built into the complex titanium
implant (10,13-19). Software and materials used are listed in
the table below.

Each of the presented cases using customized sternum
replacements planned a resection area of 1 to 3 cm to the
edge of the tumor in order to achieve tumor-free margins.
However, every model was developed individually to allow
the best possible anchorage to the rib stumps while at the
same time give space to intraoperative alterations on the
margins.

Turna et /. developed a customized titanium sternum
model in 2013 in a case of a resected superinfected
metastasis of a breast carcinoma that extended to clavicles,
ribs, and the complete sternal body. After the printing
process, the model was sandblasted to ensure a better
adherence to granulating tissue. Their prosthesis was
comparatively flat with multiple burr holes on each arm and
could easily be fixed and covered intraoperatively (14).

Demondion er al. presented their 3D-printed sternal
titanium plate after a sternal resection due to bone
metastasis. Their design was a simple customized plate
with multiple perforations connected to three staples
on each side, drawn to be tightened on the adjacent ribs
(Figure 2) (13).

Aranda et al. designed their 3D implant as a rigid
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Figure 1 A 68-year-old lady with an exulcerating sternal tumor recurrence of a left-sided breast cancer, triple negative, with a history of

breast ablation, axillary lymph node dissection and chemo-radiotherapy. The indication for the sternal resection was palliative, based on

the ugly smelling necrotic and infected tumor burden making life a misery. (A) Complete tumor resection RO with 2 thirds of the sternum

and parts of the Ist to 4th ribs bilateral; (B) coverage and stabilization of the defect with a PTFE mesh and 2 titanium plates with rib

clips (STRATOS, MedXpert, Germany); (C) as the latissimus dorsi muscle from the left was fibrosed from earlier operations and axillary

irradiation, both pectoralis major muscles were mobilized to create a flap coverage of the foreign material; (D) skin mesh graft was used to

suffuse the bare muscle and provided for complete epithelialization over the muscle; Follow-up was uneventful for 6 months, then a rapid

distant disease progression occurred (with kind permission of Dr. Welter, Lungenklinik Hemer). PTFE, polytetrafluorethylene.

sternal core with titanium rods as neo-ribs which ended in
attachment clamps. A second resection template was made
for exact intraoperative margin planning. The titanium
clamps were fixed with screws through the ribs and the core
was then fixed with steel wire through existing holes (10).

Aragén er al. replaced the inferior half of the sternum
with the adjacent three ribs with a 3D-printed customized
titanium mold after resection of a chondrosarcoma in 2016.
The costo-sternal joints were designed to allow dynamic
movements similar to those in the natural articulation (15).

The 2017 sternum model of Moradiellos and colleagues
was designed with a folding pattern allowing some
expansion and contraction of the chest. This implant had
foldable jaws that were clamped over the healthy ends of the
resected ribs. The cranial and caudal ends were fixed to the
sternal rest with screws (16).

© Journal of Visualized Surgery. All rights reserved.

Oswald et al. have altered the central portion of the
titanium structure was coated in porous polyethylene
to allow better colonization with granulation tissue.
The arms of the prosthesis were shaped as two plates
which were approximated with screws through the ribs.
The sternal ends were fixed with steel wires. Since this
patient initially had sternal osteomyelitis, the first repair
after the sternal resection was made with a pedicled left
pectoralis major flap. The definitive reconstruction with
the 3D-printed prosthesis was performed 5 years later.
Detailed lung-function-tests were run prior to and after
the reconstruction (17).

In 2018 Ma et 4l. planned bigger holes on the sides of
their sternal implant to pass through ligaments for fixation
to the clavicles in order to preserve the mobility of the
shoulder girdle. The ligaments were harvested from the
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Figure 2 A 28-year old woman with sided breast cancer, axillary nodes and isolated sternal metastasis. Sternal replacement with a custom-

made titanium plate was performed after four cycles of chemotherapy with doxorubicin and docetaxel. (A) Intraoperative view after chest

wall reconstruction showing the anatomical restitution of the chest wall; (B) postoperative chest radiography showing the neo-titanium

sternum (Demondion ez a/. 2014 with kind permission of Oxford University Press).

patient’s own palmaris longus and semitendinosus muscles.
For the residual basal part of the sternal corpus, inert lines
were made onto the caudal bar of the model with additional
burr holes for the bone cement to stabilize (18).

The sternum prosthesis of Wen ez 4/. added a 2-cm fixing
area to allow some intraoperative resection difference to the
3D plan, in order to secure fixation at the rib margins. The
raw prosthesis was finally polished and sandblasted to create
a rough granular surface. The last production step took
three working days (19).

Carbon fiber molds

The custom-made carbon-fiber implant was used to
reconstruct an 8 cm x 7 cm defect after extensive tumor
resection of the sternum. A 3D electron model was
constructed through CT data. The implant was then
manufactured within 7 days using the carbon fiber 3D
sintering printing technique. The implant was fixed to the
rib stumps with cruciate ligament sutures and separately to
the manubrium using steel wires. Carbon fibers have a low
density of 1.5 g/cm’ and do not deflect X-rays and ionizing
radiation. Furthermore, this implant has a microporous
surface that facilitates the inward growth of adjacent tissue (5).

© Journal of Visualized Surgery. All rights reserved.

Alumina ceramic molds

The characteristics of alumina ceramic imply
osteoconduction and osseointegration, biocompatibility,
a certain level of bacterial resistance, radiotransparency,
and mechanical strength. The material has been used for
more than 20 years in orthopedic surgery. Alumina ceramic
prostheses are available in 5 sizes with pre-drilled holes for
non-resorbable suture threads to be anchored to the ribs.
The ingrowth of the rib ends into the ceramic results in the
stability of the chest. The implant sets are provided with
differently sized metallic models to choose the best fitting
ceramic implant after tumor resection. Six cases have been
treated and reported so far (20). Loading of the prosthesis
with antibiotics for use in infected wound surroundings was
another case recently reported (21).

Polyethylene molds

The polyethylene manubrium implant was manufactured
using numerically controlled milling machine, and was
made of certified polyethylene of ultrahigh molecular
mass. The design of the prosthesis was based on CT
data. Polyethylene is rigid, non-absorbable, and yet the
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only material in use that is malleable after fabrication.
Intraoperatively, the size of the implant was trimmed using
a sharp knife and was fixed to the clavicles, sternum and ribs
with the help of titanium rib plates (11).

Results
Short-term results

Sternum reconstruction is most often performed with
titanium bars bridging the defect from one rib stump to
the other. In the series of Fabre et 4l., a radical tumor
resection (R0O) was gained in all patients (8). All patients
needed closure of the defect with polytetrafluorethylene
(PTFE) patch or Vicryl to prevent lung herniation. A
mean of two bars with rib clips were found to offer enough
stability of the chest wall. There was no perioperative
mortality. Wound infection did occur in one patient but
did not require the removal of the titanium rib system.
Postoperative FEV1 did not significantly differ from
pre-operative values. The authors stated therefore that
reconstruction with a titanium rib bridge system has low
morbidity and permits a rapid return to baseline pulmonary
mechanics. To compare different newer modalities of defect
reconstruction, we categorized the results in Table 1.

Standard reconstructions were reported in higher
numbers and were associated with perioperative
complications and mortality. Pulmonary embolism, acute
respiratory distress syndrome (ARDS), superficial and deep
wound infections as well as breakdown of the titanium
reconstructions were described in around 0-20% of the
cases (7-9).

The six patients studied by Gao et al. were operated
using a Synthes Titanium fixation system and mesh and
were reported to have returned to their daily (working-)
life between 2 to 8 weeks after surgery. Their level of
satisfaction with the functional and cosmetic results were
stated very high with the exception of one patient who
ranked his satisfaction with 6 out of 10 points (22).

All reported cases of sternal resections due to underlying
malignancy, reported tumor-free resection margins. Apart
from a localized seroma in the bed of the latissimus dorsi
muscle and prolonged superficial wound healing, no major
complications were reported with either of the above-
mentioned 3D-printed implants. The patients recovered
quickly after the operation and were reported to have little
to no chronic pain or loss of lung function. As there are
only individual case reports, statistical statements are not
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possible.

Long-term results

Since nearly all of the presented reports were on oncological
chest wall resections, recurrent disease or metastatic spread
in other bone structures was often reported before a long-
term follow-up could be achieved. Especially after the
resection of bone metastases, the recurrence was in some
cases less than 4 months (6,10,11,13-16,18).

A 3D-printed carbon-fiber prosthesis after a sarcoma
resection in a 61-year-old by Wang et al. was reported to
have been stable for 24 months (5). A 14-month follow-up
was achieved by Oswald er 4/. with their patient suffering
from osteomyelitis, who received the polyethylene-coated
sternum prosthesis. Because this man had previously been
aided with a pectoralis flap, detailed function tests were
run to compare the range of exercises possible with a soft
tissue reconstruction of a sternal defect to before and after a
solid sternal replacement. The differences in lung capacity,
breathing frequency and FEV1 were significantly better
after the rigid metal replacement (17).

The longest follow-up period with alumina ceramic
sternum implant was 37 months without major
complication. The CT scans revealed an ingrowth of the
adjacent bone structures into the porous material after 4
months (20).

The larger patient cohorts of Berthet, De Palma and
Fabre were all treated in the standard technique for
their chest wall defects (7-9). They presented higher
complication rates, however, their patients suffered from
partially advanced malignancies, severe co-morbidities and/
or older age. Interestingly, there was a delayed midline-
rupture of two titanium plates used after traumatic sternum
fracture (9) and two fractured titanium bars in Berthet’s
series (7). They used the Stratos system to stabilize the chest
wall defects. Two of the patients suffered from a delayed
rupture of the titanium bar at the joint. In one patient,
the bar was removed 6 months after the original surgery
without replacement. The other patient had a ruptured
and superinfected plate that needed removal on day 10 and
intensive wound cleansing. One other case of superinfected
osteosynthesis material was reported in this study that
needed removal. One patient of De Palma’s cohort had to
be re-operated on to remove the plate. The other patients
fractured plate was solely a radiological finding without any
clinical complaints that needed no re-intervention until the
last follow-up at 35 months after the surgery.
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Video 1 Open en bloc chest wall resection including three ribs and

the right lower lobe for T3 lung cancer (26).

In the authors experience, the rupture of a Stracos clamp
has been seen in one obese patient with chronic obstructive
pulmonary disease (COPD) under steroid treatment, one
dislocated sternal plate was seen in another patient with
severe kyphosis due to osteoporosis.

Costs

Unfortunately, the expenses for the proposed techniques
have not been stated in all but one case report (19). The
costs of the 3D-printed models obviously depend on size
and thickness of the prostheses, so does the time required
to produce them. Since it is mostly the 3D-printing process
itself that amounts for most of the costs, the material plays a
less significant role in the monetary calculations. The price
for one alumina prosthesis that comes in ready-to-use kits
costs 10,000-15,000 € to the best of the authors’ knowledge.
Most cost-efficient is the standard treatment method with a
combination of titanium bars and mesh; each titanium clip
and bar (Stracos MedXpert) costs between 400 and 500 € to
the authors experience.

Discussion

The aim of any oncological chest wall resection should
be the complete removal of the tumor with free resection
margins followed by a stable reconstruction that allows
an uncomplicated wound healing with minimal functional
impairment and good cosmetic results while observing
cost efficiency. Both the conventional as well as the newer
techniques discussed here fulfilled these aims (1-25).

With the emergence of titanium bars and availability of
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numerous organic tissues as well as inorganic substitutes,
thoracic surgeons were given the tools to reconstruct most
chest wall defects. Numerous studies proved a variety of
these materials to be feasible even for larger resection holes
on the chest wall with involvement of the sternum (6-9).
The intraoperatively reformable titanium bars and plates
provide a cost-effective, flexible, ready-to-use solution with
a short learning curve (Video 1, chest wall resection and
reconstruction with mesh, titanium plate and muscle flap).
Disadvantages are the smooth surface and the lack of stability
as was shown in the reports of Berthet and De Palma with
ruptured plates and bars. The fractured plates mentioned
earlier demonstrate dramatically the great powers affecting
the sternum or its replacement in daily life. Lung function
tests of other reported cases prove the positive outcome of a
robust stabilization of the rib cage (7,9).

However, it is important to note that the patients
in Berthet’s study in 2011 were by far the most crucial
with severe co-morbidities, such as neoadjuvant radio-
chemotherapy, advanced malignancies and old age.

With the necessity of a mesh graft to cover the thoracic
defect, the risk of seroma with subsequent infection seems
to be higher compared to the 3D-printed models that
did not require further coverage of the thoracic organs.
In addition, lacking bone substance due to osteoporosis
impairs a stable fixation of the standard fixation systems.

Sternal allografis

Compatible allografts of deceased donors have been
successfully transplanted to cover large chest wall defects.
Months after the operation, the osseous tissue of the
recipient patients overgrew on the transplant and resulted
in a stable chest wall. The studies and case reports available
prove the feasibility of this method (23-25). However, the
availability and storage in tissue banks as well as the time-
consuming processing until the graft is usable are surely less
convincing, not to mention the paucity of organ donors.

Titanium molds

The advantages of titanium are its inert features,
biocompatibility, flexibility, malleability and stability. The
disadvantages are the price of the printing and its smooth
surface, which does not allow surrounding tissue to adhere
sufficiently if not sandblasted. One clear shortcoming of
titanium is its impermeability for X-rays and the disruption
of radiation therapy. Due to the cumbersome printing
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technique, the production can be very time consuming;
the bigger the requested pieces are, the longer it would
take the machine to form one layer over the other, thereby
increasing the cost.

Leaving the monetary issue aside, the time needed
to produce a larger mold is far from being acceptable in
cases of oncologic indications: Aranda’s titanium sternum
prosthesis took about 1-month manufacturing time (10).

Interestingly, Wen ez al. reported relatively fair costs for
customized rib and sternal body implants made of titanium
compared to the current systems being used (19). Obviously,
the materials, time and costs needed for a replica depend
on its height and total size. Their customized sternal body
and rib prostheses were relatively flat and hence only took
3 working days to produce. Wang ez a/. described a sternal
prosthesis made of carbon-fiber that took seven days to be
manufactured (5).

A porous polyethylene coating in the central part of the
manubrium portion of the sternum prosthesis of Oswald
et al. might enable the surrounding tissue to grow in and
become one stable layer. Their model was implanted in a
patient suffering from osteomyelitis of the manubrium-
sternal junction and showed good mid-term results (17).

Carbon-fiber molds

Carbon-fiber does not disrupt X-rays or radiation beams
due to its lower density. Its microporous structure allows
surrounding tissue to grow in, making the graft more
stable (5). The production process is similar to that of
the titanium molds, hence the higher costs and long
production period remain as clear limitation.

Polyethylene

Unlike all other materials mentioned above, polyethylene
can be trimmed during the operation with a sharp knife and
a surgical file, facilitating minor adjustments according to
the specific requirements of the patient. Even though the
material should be less costly than others mentioned here,
the expensive 3D-printing process remains a shortcoming.

Aluminum ceramic mold

The ready-to-use sternum replacements proved to be suitable
solutions for sternum reconstruction. The porous structure
allows the ingrowth of tissue. If loaded with gentamyecin,
it shows promising use even in infected environment.
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Nevertheless, the costs are quite high and resection areas that
involve parts of the ribs cannot be covered (20,21).

Bertin et al. proved their ready-to-use set of differently
sized sternum replacements to be a suitable solution after
sternum resections. The alumina ceramic material allows
the surrounding tissues to grow in and form a solid bony
mass, which was illustrated by impressive CT scan images
3 months after the implantation (20). Even in an infectious
environment after osteomyelitis of the sternum, the
gentamycin-coated version of the model is promising (21).
Nevertheless, the costs, compared to standard techniques,
are quite high, and resection areas involving parts of the
ribs cannot be covered.

Even though the existing case reports on 3D-printed
prostheses for large chest wall defects are rather scarce, the
results are promising. With the 3D-image reconstruction
of a chest CT, the resection margins can be precisely
defined to shape a perfectly fitting mold that fills the
surgical gap, thus preserving the structure and function
of the thorax. Furthermore, the post-operative infection
rates are low and the recovery of the cases that were treated
with a personalized sternum prosthesis presented here was
remarkably fast. Moreover, all patients could be discharged
within 12 days and there was hardly any impairment in
terms of lung function or mobility despite the vast resection
of the rib cage (5,10,11,13-21).

Conclusions

The new 3D-printing technique offers endless possibilities
in many fields, such as sternum replacements, solving
surgical problems, and must be explored further. With
the single cases reported on sternal prosthesis, one of the
earliest successful use of this technique has been proven.
However, the given examples are far from being the perfect
solution. Many questions still remain, such as which design
should be used that is more intraoperatively modifiable to
achieve a stable yet flexible result, which material best meets
the often-contradictive requirements.

The technique promises reductions in cost and
production time with more routine and advances in
technological development. Surgeons should play a vital
part in giving input to ensure their interests are being
considered in further developments.
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