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Introduction

Three-dimensional (3D)printingwasdevelopedbyChuckHull
and was initially reported in the early 1980s.1 The concept
involved the production of objects by printing in layers using a
variety of materials.2 3D printing is used throughout industry
to produce objects using rapid prototyping machines and
require data input in the form of machine-readable files.3

Medicine has started to utilize 3D printing in variousways
from planning operation by printing structure to simulating

surgeries by operating on these models.4,5 In cardiothoracic
surgery, the uptake has been even more limited with only a
few case reports in the literature and no established practice
involving 3D printing described. 3D printing has been shown
to be successful in the production of medical prosthesis.6

Previously, this has been a financial and time costly process
of orderingmade to fit prosthetics which have to be designed
and drawn using scans and then produced or using off the
shelve type prosthetics that have to be tailored intraopera-
tively to fit a specific patient’s anatomical requirements.
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Abstract Objectives Patients undergoing surgery for locally advanced lung cancer involving
the chest wall require anatomical lung with extensive en-bloc chest wall resection and
appropriate reconstruction.
In this proof-of-concept study, we aimed to produce personalized three-dimensional
(3D)-printed chest wall prosthesis for a patient undergoing chest wall resection and
reconstruction using clinically obtained computed tomography (CT) data.
Methods Preoperative CT scans of three patients undergoing chest wall resection
were analyzed and the areas of resection segmented. This was then used to produce a
3D print of the chest wall and a silicone mold was created from the model. This mold
was sterilized and used to produce methyl methacrylate prostheses which were then
implanted into the patients.
Results Three patients had their chest wall reconstructed using this technique to
produce a patient specific prosthesis. There were no early complications or deaths.
Conclusions It is possible to use 3D printing to produce a patient specific chest wall
reconstruction for patients undergoing chest wall resection for malignancy that is cost-
effective. This chest wall is thought to provide stability in the form of prosthetic ribs as
well compliance in the form of an expanded polytetrafluoroethylene patch. Further
research is required to measure chest wall compliance during the respiratory cycle and
long-term follow-up from this method.
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3D printed prosthetics can now be delivered within hours
using radiological images of the patient.7 This has been
particularly beneficial in orthopedic, maxillofacial, and cra-
nial surgery.8

Developments in health care, and especially thoracic
surgery, as well as multimodality treatment for locally
advanced cancer, have increased the number of patients
undergoing lung resections.9 Not only are patients being
diagnosed earlier due to improved access tomedical care and
better radiological assessment but also surgeons are expand-
ing their case load to include patients that were previously
seen as inoperable.10–14Nowwith amultimodality approach
and these new available techniques, locally advanced cancer
involving the chest wall can be resected completely with
satisfactory reconstruction. The mortality risk of lung resec-
tions that include a chest wall excision is quoted as being
three times more than an equivalent lung resection alone
and account for 5% of all lung tumors.15 This is probably due
to the impact of respiratory mechanics after an extensive
chest wall resection. En-bloc resection of lung tumors invad-
ing the chest wall is required to provide clear resection
margins and to improve patient prognosis.12,13,16 Chest
wall resections will therefore require new reconstruction
techniques to improve outcome and reduced mortality.

Chest wall reconstruction is required to provide both
external protection to visceral structures and compliance
during the physical action of respiration and cough mechan-
ism. Historically, methylmethacrylate cement has been used
to fill the defect, often between two layers ofmesh; however,
this results in poor respiratory compliance of thebony thorax
as the “sandwich” is rigid.17,18 Using more compliant mate-
rial can result in paradoxical chest wall movement due to the
normal intrathoracic pressure changes during respiration.19

Ouraimhasbeen tocreatepersonalizedprosthesis forchest
wall reconstruction that (1) is implantablewith usual surgical
techniques; (2) replicates physiological compliance, and ana-
tomical structure and protection; (3) is cosmetically and
aesthetically acceptable; and (4) is cost-effective. In this study,
we report the outcomes of three patients who underwent
chest wall reconstruction using the preoperative thoracic
computed tomography (CT), acquired as part of a patient’s
standard presurgical workup, and 3D printing to develop
custom-made ribs that were implanted in the patients.

Materials and Methods

Approval for the study from the joint research and enterprise
office was obtained and the requirement for consent was
waived. The clinical governance committee approved the
procedure as this is a modification of a technique using
material that is commonly used.

Two patients undergoing thoracotomy and right upper
lobectomy with chest wall resection for non-small cell lung
cancer were included in the series. They were both male with
ages of 64 and 65 years of age and performance statuses of 0 to
1. Both patients were ex-smokers. The pathological stages
were T4N0M0 adenocarcinoma and T4N1M0 squamous cell
carcinoma, respectively. Four ribs were excised in the first

patient and three in the second patient. A third patient had a
sternal reconstruction after resection for localized recurrence
of breast cancer. This patient was female and 63 years of age.

All three patients had their chest wall segmented from a
preoperative CTscan and sternal or ribmolds were produced
using 3D printing. These molds were then used to create
custom-made prostheses that were implanted into the
patient following chest wall resection.

Post-Processing of CT Images
CT scanning was performed at 100 to 120 kV and 80 to
229 mA tube current (varying according to patient weight),
with helical acquisition, the patient supine, and a total
scanning time of 50 seconds. All scans were acquired after
a delay of�30 seconds following intravenous administration
of a 100 mL bolus of iodinated contrast (Omnipaque 300).
The acquired contrast-enhanced CT images were of 2.00 mm
reconstructed slice thicknesses, using standard (STD—low
frequency) and bone (high frequency) kernels and anon-
ymized. The patient’s preoperative CTwas acquired through
a series of images in Digital Imaging and Communications in
Medicine format which were uploaded to the segmentation
software, ITK-Snap 3.6.0.20 The relevant ribs or sternumwere
segmented (►Fig. 1).

Modeling and 3D Printing of the Rib/Sternal Shape
This data was then processed with the software MeshLab
(MeshLab 2016, Pisa, Italy)21 tomanipulate the surfacemesh
of the model prior to converting the data into a solid
structure using Solidworks (Solidworks Student Edition
2016–2017, Dassault Systèmes, France). Cura (Ultimaker
Cura 3.2, the Netherlands) was then used to produce data
that the 3D printer could use. The printer used was a WASP
Delta Turbo 2040 (WASP, Ravenna, Italy), which printed the
models using a filament of polylactic acid (PolyPlusTM PLA
by Polymaker). The printing of the ribs or sternum was
completed in around 9 hours.

Creation of the Silicone Mold
The silicone used to create the molds was the Ecoflex 00–30
(Smooth-on, Macungie, Pennsylvania, United States), which is
a platinum-catalyzed soft silicone rubber. The printed ribs or
sternum were placed into a cardboard box, of dimensions
8 � 18� 15cm, with their concave side down toward the
bottom of the box. The silicone was poured over them up to
the point where the models were completely covered. The
siliconetook�24hours toset at roomtemperature.Once ithad
completely solidified, the walls of the box were cut, and the
silicone block was removed from the box. Using a utility knife,
the excess silicone was cut off from the block exposing the
outer side of the ribs. Themodelswere then carefully removed
taking care not to damage the siliconemold created (►Fig. 2).

Creation of Implants Using a Silicone Mold and
Implantation
The silicone mold was sterilized and, in the operating room
under sterile conditions, methyl methacrylate was mixed
into a paste and applied to the silicone cast (►Fig. 3). After
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10minutes, and once themethacrylate had set, the ribs were
removed from the cast.

The methyl methacrylate chest wall prostheses were
implanted into the chest wall defects (►Fig. 4) using heavy
Prolenesuturesbydrilling sutureholes throughthem(►Fig. 5).

Results

Three patients underwent chest wall resection and subse-
quent reconstruction using the described technique. The

length of stay for these patients ranged from 4 to 6 days.
Therewere no early complications or 30-daymortality in this
small cohort of patients.

The extra cost of constructing the sternum or ribs for each
patient included the silicone at £31.09 and the rib or sternum
printing material costing £2.90 amounting to £33.99 in total
(�$44). This is more cost-effective compared with tailor
made titanium prosthesis, titanium system, or cadaveric
graft, which have significant higher costs.

Discussion

Although methyl methacrylate has been shown to be safe and
is a common method for reconstructing the chest wall,

Fig. 2 The mold of the sternum for a patient.

Fig. 3 The mold of a rib mold being filled with cement.

Fig. 1 The sternum having been segmented from the computed tomography scan.
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compliance is thought tobean issuewithsucha rigid structure.
Solitarymeshes, although compliant, lack the rigidity required
to prevent paradoxical chest wall movement and protect from
trauma. Some papers23 have reported the use of “neo ribs” to
provide a reconstruction that accomplishes the four ideal
requirements of a chest wall prosthesis.22–24 The concept
this study has developed supports these methods with the
additional use of 3D printing to improve the anatomical
accuracy of the chest wall prosthesis.

As previously demonstrated by other surgeons, this tech-
nique improves cosmetics. As in the other series, we did not
experience any fracture of the prosthesis or any infection. No
patients experienced chronic pain or limitations to their
activities of daily living.

Two drawbacks to this technique include the additional
cost of using this technology, as well as the extra time
involved. The cost of 3D printing is often seen as the limiting
factor to this technology; however, the cost burden is the
printer itself. The cost of the finished silicone mold was
£33.99 (�$44) and therefore felt to be cost-effective in the
setting of major chest wall surgery.

Once familiar with the software, segmentation could be
successfully completed within a day by a single person and a

further day was required to print the ribs. Twenty-four to
twenty-eight hours were required to the produce the silicon
mold and allow this to set. Sterilization took 30 minutes. The
time, therefore, required to produce a sterile rib mold is also
not prohibitive and can easily be achieved prior to a patient’s
elective surgery. The process does, however, require someone
who is familiar with the process and it is relatively labor
intensive during this time. While in the operating room a
further 15minuteswere required to create themethylmetha-
crylate cement ribs from the silicon mold in a trial run. This is
thought to be quicker than with the traditional methods as
intraoperativemeasurementswhenproducing a prosthesis de
novo. Placement of the prosthesis took around 30 minutes.
This timeframe is similar to other methods traditionally used
to close chest wall defects. The ribs can be created during the
resection time, because the model is already created and may
increase efficiency and saving time in reconstruction

An important strength of this study is that it uses retro-
spective imaging data, that is, data that was obtained from
clinically indicated scans that were reconstructed with stan-
dard techniques;assuch, theseresults arepotentially replicable
with advanced post-processing and therefore translational.

Further work is required to study chest wall compliance
and follow-up data on patients who have had a prosthesis
implanted using this proof of concept technique. Mechanical
properties of neo-ribs have previously been tested and
spirometry derived assessments of compliance have also
been tested before and after titanium sternal implanta-
tion.25,26 We believe that four-dimensional magnetic reso-
nance imaging scanning will provide functional information
on the benefit this technique has on respiratory mechanics.

Conclusions

This case series demonstrates that it is possible to create a
chest wall prosthesis that is patient specific and has both a
solid component, which provides protection, and a flexible
material that provides compliance. These materials have
been used before and are known to be both durable and
produce satisfactory patient outcomes. Applying the materi-
als together in this way mimics the natural chest wall with
themethylmethacrylate cement ribs bridging the native ribs
and the expanded polytetrafluoroethylene as a continuation
of the intercostal muscle layer.

Methylmethacrylate cement has been used safely formany
years; now that extended chest wall resections are performed,
chest wall prosthesis needs to be created with good cosmetic
results that do not impair the respiratory mechanics. We have
developed this 3D printing stepwise approach using methyl
methacrylate cement to reproduce the exact chest wall shape
to get better cosmetic results and satisfactory breathing
mechanics without increasing the costs.
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Fig. 4 The chest wall defect of a patient.

Fig. 5 The custom-made ribs having been implanted.
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