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Abstract: Introduction: In chest wall reconstruction, the main objectives are the restoration of
the chest wall integrity, function, and aesthetic, which is often achieved with the placement of
implants. We aimed to evaluate whether 3D printed models can be useful for preoperative planning
and surgical treatment in chest wall reconstruction to improve the outcome of the surgery and to
reduce the rate of complications. Methods: We conducted a systematic review of literature using
PubMed, Scopus, Embase, and Google Scholar databases until 8 November 2021 with the following
keywords: (“3D printing” or “rapid prototyping” or “three-dimensional printing” or “bioprinting”)
and (“chest wall” or “rib” or “sternum” or “ribcage” or “pectus excavatum”). Results were then
manually screened by two independent authors to select studies relevant to 3D printing application
in chest wall reconstruction. The primary outcome was morphological correction, and secondary
outcomes were changes in operating time and procedure-related complication rate. Results: Eight

https://doi.org/10.3390/ technologies9040§%Ficles were included in our review. Four studies were related to pectus excavatum correction,
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two studies were related to rib fracture stabilization, and two studies were related to chest wall tumor
resection and reconstruction. Seven studies reported 3D printing of a thorax model or template
implants for preoperative planning and implant modeling, and one study reported 3D printing of a
PEEK prosthesis for direct implantation. Four studies reported comparison with a conventionally
treated control group, and three of them detected a shorter operative time in the 3D printing model-
assisted group. Satisfactory morphological correction was reported in all studies, and six studies
reported a good implant fitting with minimal need for intraoperative adjustments. There were
no major intraoperative or postoperative complications in any of the studies. Conclusions: The
use of 3D printing models in chest wall reconstruction seems to be helpful for the production of
personalized implants, reducing intraoperative adjustments. Results of morphological correction and
postoperative recovery after the 3D printing-assisted surgery were satisfactory in all studies with a
low rate of complication. Our literature review suggests good results regarding prosthesis fitting,
accuracy of surgical planning, and reduction in operative time in 3D printing-assisted procedures,
although more evidence is needed to prove this observation.
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1. Introduction

Chest wall reconstruction is required in different situations, such as traumatic injuries,
thoracic tumors, or chest wall malformations. The main objectives in reconstructing the
thoracic wall are restoring the chest wall integrity and rigidity, preserving the physiological
function of the thorax, and protecting internal organs, while pursuing a good aesthetic
result [1].

Conventional methods for chest wall reconstruction are represented by prosthetic
replacements using biologic (allografts and homografts), synthetic (methyl methacrylate,
PTFE, polypropylene), or metallic (titanium, stainless steel) meshes, bars, or plates, de-
pending on the pathology of interest [2].

The prosthesis fitting is crucial to achieve all of the mentioned objectives, and 3D
reconstruction based on CT images offers the possibility to accurately study the pathological
anatomy of the chest wall, thus allowing the procedure to be meticulously planned and the
prosthetic materials to be provided in advance [3]. The application of 3D reconstruction
is implemented in preexisting imaging techniques that are commonly used in chest wall
visualization. These are mostly CT, but also MRI and US, when appropriate in preoperative
study or postoperative evaluation of complications.

In the surgical field, 3D printing has been embraced as a tool for preoperative planning,
surgical simulation and training [4], patient education [5], and to produce templates or
molds for surgical implants [6,7] for 3D printing prosthesis and implants (especially in
orthopedic and maxillofacial surgery) [8] and in tissue engineering (3D bioprinting) [9].

Due to its recent development in the medical field, reports regarding the use of 3D
printing in thoracic surgery, and specifically in chest wall reconstruction, are still limited.
Nonetheless, many aspects of 3D printing-assisted procedures are of interest, including the
possibility to better understand the anatomy of complex situations, such as large thoracic
tumors, which often invade adjacent structures, thus making ita challenge for the surgeon
to perform a successful resection while needing to achieve RO resection margins. Another
interesting application is the possibility to project custom-made implants, specifically built
on the anatomy of the patient, and to rehearse the procedure on a customized model.

Analyzing current evidence on this matter, we aimed to evaluate whether 3D printed
models could be useful for preoperative planning and surgical treatment in chest wall re-
construction to improve the outcome of the surgery and to reduce the rate of complications.

2. Materials and Methods
2.1. Search Strategy

We conducted a systematic review according to the PRISMA protocol [10] to assess the
current use of 3D printing in chest wall reconstruction. Four medical databases (PubMed,
Scopus, Embase, and Google Scholar, updated to 8 November 2021) were searched to collect
studies regarding the subject of interest using the following keywords: (“3D printing” or
“rapid prototyping” or “three-dimensional printing” or “bioprinting”) and (“chest wall”
or “rib” or “sternum” or “ribcage” or “pectus excavatum”). We conducted an additional
manual search of the bibliographies of the selected articles. The details of the database
search are reported in Table 1.

2.2. Selection Process

We included in our review: (I) papers published in English; (II) studies that reported
surgical application of 3D printing models for preoperative planning or surgical recon-
struction of the chest wall; (III) original research articles. The exclusion criteria were as
follows: (I) papers not published in English; (II) case reports, case series including fewer
than 5 patients, reviews, abstracts, meta-analyses, brief communications, editorials, and
letters; (III) papers based on the same study population, in which case we selected the most
recent article to avoid duplication.
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Table 1. Details of the database search.

Search Results

Database (8 November 2021) Keywords
(8D printing OR rapid prototyping OR three-dimensional
printing OR bioprinting) AND
Pubmed 143 ( chest wall OR rib OR sternum OR ribcage OR
pectus excavatum)
(“3D printing” OR “rapid prototyping” OR
SconUs 044 “three-dimensional printing” OR “bioprinting”) AND
P (“chest wall” OR “rib” OR “sternum” OR “ribcage” OR
“pectus excavatum”)
(38D printing OR rapid prototyping OR three-dimensional
Embase 182 printing OR bioprinting) AND ( chest wall OR rib OR
sternum OR ribcage OR pectus excavatum)
Google Scholar 139 (3D printing or three-dimensional printing) AND (chest
wall or rib or sternum or pectus excavatum)

Two independent reviewers (BL, AN) analyzed the search results, and proceeded to
inspect the articles’ titles and abstracts to exclude papers that were not related to the topic
of interest. Full text of the remaining articles was then evaluated to determine if they met
our inclusion/exclusion criteria. Disagreements were resolved through discussion with
two senior reviewers (AF, MS).

The primary outcome of our review was morphological correction, secondary out-
comes were changes in operating time and procedure-related complication rate.

2.3. Quality and Risk of Bias Assessment

The quality and risk of bias for each study was independently evaluated using the
Downs and Black assessment checklist [11] by two authors (BL, AN). Differences between
the two reviewers were solved through discussion with a third author (AF). The total score
for this 27-item checklist ranges from 0 to 28 points. We considered scores as follows: Ex-
cellent (24-28 points), Good (19-23 points), Fair (14-18), Poor (<14 points). The synthetized
result of the assessment is reported in Table 2, indicating an overall good methodological
quality of the considered studies.

Table 2. Quality assessment results (Downs and Black checklist).
Reportin External Internal Internal Valid- Power Total
Study (NI[)ax 11)g Validity Validity/Bias ity/Confounding (Max1)  (Max 28)
(Max 3) (Max 7) (Max 6)
Zhou et al. 10 3 5 3 0 21
Bellia Munzon et al. 10 3 5 3 1 22
Wang et al. (2020) 6 1 5 3 0 15
Wu et al. 11 3 5 3 0 22
Wang et al. (2019) 9 3 5 3 0 20
Huang et al. 11 3 5 3 1 23
Chen et al. 11 3 5 3 1 23
Gaspar Pérez et al. 10 3 5 3 0 21
3. Results

A total of 708 titles were identified via the search of the previously mentioned
databases, whereas no additional study of interest was found via a manual search of
the bibliographies of the selected studies (Figure 1). We subsequently excluded 299 papers
as duplicates.
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Figure 1. Flow chart of the study according to PRISMA guidelines.

Based on the titles and abstracts, the remaining 409 papers were evaluated, and 350
of these were excluded as the object was not related to the topic of our research. The
remaining 59 articles were analyzed through full-text examination by all authors, who
further excluded 51 studies. Finally, a total of eight papers were selected, which constitute
the subject of our systematic review.

The following data were extracted from the selected papers, as summarized in Table 3:
the authors, the year of publication, the country, the study design, the number of patients that
received a 3D printing assisted procedure, the application, the disease of interest, the study
limitations, the structure printed, the processing software, the 3D printer, the materials.

Table 3. Characteristics of the studies evaluated.
Authors, CT-Images
Year of Study N° of s .. Disease of  Structure 3 . . IR
Publication, Design Patients Application Interest Printed Processing 3D Printer Materials Limitations
Software
Country
Sureical MDT2AB- aneud.1 No conven-
laniin 0104, l;/[efl;ito;)ll tionally
Zhou etal. (7), . P & Rib Ribcage Meditool . Photosensitive treated
. Prospective 16 and : Medical )

2021, China . fractures model Medical resin control group
prosthetic Techmology Technol- Small
modeling (Shanghai) o8y sample size

Surgical Erkom 3D
Bellia- plangning Customized  Chest Wall Non
Munzon et al. (6) Prospective 130 and Pectus ex- implant Pro 1.0, ERKOM Polyvinyl controlled
2020, . cavatum bars Pampamed 3D acetate
A ; prosthetic study nature
rgentina . template (Buenos
modeling

Aires)
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Table 3. Cont.

szl;;lll'(:)rfs ' Study N° of .. Disease of  Structure CT-Images . . T

Publication, Design Patients Application Interest Printed Psrg;:vs\::;g 3D Printer Materials Limitations

Country
Sureical MDT2AB- aneud 1 No conven-
langnin 0104, i/[ec%itoé)ll tionally
Zhouetal. (7), P . P & Rib Ribcage Meditool : Photosensitive treated
. rospective 16 and . Medical )

2021, China . fractures model Medical resin control group
prosthetic Technology Technol- Small
modeling (Shanghai) o8y sample size

Sureical Erkom 3D
Bellia- 1 ngnicn Customized  Chest Wall Non
Munzon et al. (6) . pia & Pectus ex- implant Pro 1.0, ERKOM Polyvinyl o
2020 Prospective 130 and cavatum bars Pampamed 3D acetate controlled
Ar enti,na prosthetic template (Buenos study nature
& modeling P Aires)
Sureical 3D- No conven-
o DOCTOR, tionally
Wang et al. (9) Pr " 6 P n(; & Pectus ex- Ribcage Able Not Polylactic treated

2020, China ospective a . cavatum model Software specified acid control group
prosthetic Corp Small
modeling (Lexington) sample size

Surgical Amira F%I(‘)Trf; ’ Retrospective
Wuetal. (11), R . planrgng Chest wall Chest wall The;mo /MakerBot L1qu1d.p.ho— nature
2018, China etrospective 6 an tumor tumor Fisher Replica- tosensitive Small
! prosthetic model Scientific torTM resin sample size
modeling (Berlin) X P
Mimics 17.0,
Materialise Jugao-AM- No conven-
Prosthetic Ribs and MV (Leuven)/ Doctor, tionally
Wangetal. (11), Prospective 18 replace- Chestwall ~ sternum Geomagic Shaanxi Polyethere- treated
2019,China P P ¢ tumor prosthe- Studio Jugao-AM therketone  control group
men ses version 2012 Technol- Small
3D Systems ogy sample size
(Morrisville)
Surgical . UP BOX, Retrospective
. Customized .
Huang et al. (8) planning Pectus ex- implant Meshmixer, Beijing Polylactic nature
2019 Chir'la ” Retrospective 15 and cavatam bars Autodesk Tiertime acid Small 3D
! prosthetic template (San Rafael) Technol- printing
modeling P ogy group size
Surgical .
. - Retrospective
Chenetal. (5), . planning Rib Ribcage e UP_B.OX Acrylor}ltrlle nature
2018, China Retrospective 16 and fractures model Not specified 3D printer, butadiene Small
’ prosthetic Denford styrene sample size
modeling P
. Ribcage . No conven-
Gaspar Surgl.cal model, Mimics . Ultimaker tionally
) planning . 21.0/3-matic .
Pérez et al. Prospective 6 and Pectus ex-  customized 13.0. Materi- 553D, Polylactic treated
(12), 2021, p . cavatum implant Y Ultimaker acid control group
Spain prosthetic bars alise MV BV Small
P modeling (Leuven) . .
template sample size

3.1. Study and Patient Characteristics

The eight studies included in our review were published between the year 2018 and
2021; six studies were from China, one was from Spain, and one was from Argentina. There
were five prospective studies and three retrospective studies. Four studies were related to
pectus excavatum correction, two to rib fracture stabilization, and two studies to chest wall
tumor resection and reconstruction.

In all studies, 3D printing models were used for preoperative planning, whereas in
only one study (Wang et al., 2019) it was also used for chest wall repair.
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3.2. Rib Fracture Fixation

Zhou et al. [12] treated 16 patients with high complex rib fractures (identified as
patients with one to three fractures in the 2nd to 4th ribs, with three fracture segments in
each fractured site, the middle fracture segment < 5 cm and presence of costal cartilage
fracture) with framework locking-plate internal fixation combined with 3D printing. A 3D
ribcage model based on 64-row spiral CT images was processed then imported into the 3D
printer to obtain a true-size photosensitive resin model of the fractured ribs. The model
was used to study the morphology of the fracture site, to select an appropriate incision
site, and to simulate the fracture reduction. Placement, direction, length, and number of
screws needed for fixation were planned and recorded based on the 3D printed rib model.
During the surgery, there was no need for intraoperative adjustments to the locking plate.
Follow-up at 5 to 10 months evaluated the recovery of the patients. A satisfactory chest wall
reconstruction was achieved in all cases, confirmed by chest RX or CT scans after surgery.

Chen et al. [13] retrospectively evaluated the data of 48 patients who underwent
surgical stabilization of rib fractures (SSRF). Patients were split into two groups based
on whether or not 3D printing was used (32 patients in the conventional SSRF group vs.
16 in the 3D assisted SSRF group). Before surgery, in the 3D printing-assisted group, a
3D reconstruction was created from CT images (1 mm slice thickness), then a 3D printed
model of the ribcage was produced in acrylonitrile butadiene styrene. Based on the
model, the titanium plates were bent and cut to fit the patient’s ribcage profile, and the
length and number of the screws was recorded. The incision site was planned according
to the 3D printed model. In comparison with the conventional SSRF group, the mean
operative time (175.24 vs. 125 min p = 0.003,) and the mean operative time per fixed plate
(52.99 vs. 35.41 min, p < 0.001) were significantly shorter in patients in the 3D printing SSRF
group. The incision length (14.19 vs. 8.71 cm, p = 0.002) and the wound length per fixed
rib (4.19 vs. 2.54 cm, p< 0.001) were significantly smaller in the 3D printing SSRF group.
There was no statistically significant difference in hospital stay, ICU stay, and postoperative
complications (empyema, broken plates, and wound infection happened in four patients in
the SSRF group) between the two groups.

3.3. Pectus Excavatum Repair

Bellia-Munzon et al. [14] prospectively collected data of 130 patients who underwent
minimally invasive repair of pectus excavatum (MIRPE) with the use of 3D printing. All
patients underwent a CT scan with 3D reconstruction (1 mm slice thickness). A flexed 3D
printed template of the implant bars was elaborated based on the CT images and clinical
information of the patient through specifically developed semiautomatic software that
considered the entry sites to the thorax, the curvature, and the anteroposterior pressure
to which the implant would be subjected. The 3D printed template was checked over
the patient’s chest surface in a fitting ambulatory session to make modifications to the
template if necessary. The number of implants was determined based on the processing
software recommendations and the anatomy of the sternum (particularly the percentage
of sternum that lay behind the anterior costal line) and the prevision was accurate in all
patients. The final metallic prebent implants were custom made in according to the 3D
printed template and manufactured in surgical steel or titanium. During the surgery the
implants were placed on the patient’s chest to determine the final location and direction,
then the implant tied to a tape was pulled back through a retrosternal tunnel. The removal
of implants was planned two-three years later. When the tip of the sternum ended up
between two bars resulting in undercorrection, the bars were placed in the crossed position
instead of parallel (13.8% of patients). The number of implants introduced was 337, ranging
from 1 to 4 per patient (2 or 3 bars in the majority of cases). Of the 130 patients, 120
(92.3%) had an optimal “implant-deformity” match not requiring any modifications; in
seven patients (5.4%) the implant needed minimal rebending(achieved without flipping
the bars); in two patients (1.5%) the implants were too short; and in one patient (0.8%)
with an extremely asymmetric chest the implant was removed and rebent intraoperatively.
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Comparing the operative time of patients with pectus excavatum treated in the same
hospital before the 3D printing model implementation (group A,) with the cohort described
in the study (group B), a significant reduction was observed (group A 125.4 £ 30.7, vs.
group B 87.6 £ 49.9 min; p < 0.0001), also considering the operative time adjusted to the
number of bars per operation (group A 78.1 £ 31.7, vs. group B 41.8 £ 14.7 min per
implant; p < 0.0001). The number of bars introduced was increased in the 3D printing
group (group A 1.7 £ 0.6, vs. group B 2.6 & 0.5 implants per patient; p < 0.0001). There
were no intraoperative complications including bleeding. Postoperative complications
included two patients with pleural effusion prior to discharge.

Wang et al. [15] (2020) treated six patients with pectus excavatum with the non-
thoracoscopic extrapleural Nuss procedure. All patients received a 3D CT scan (1.25 mm
slice thickness), and the images were exported as DICOM files to the imaging software
to elaborate a 3D thoracic model. A flexible ribcage model was printed in polylactic acid.
The flexibility of the materials allowed simulation of the pectus excavatum correction, thus
predicting the repair efficacy. The thoracic model was used to study the dimensions of the
chest deformity, to plan the trajectory of the steel bars, and to find the optimal substernal
force point through simulation of the actual procedure. The repair efficacy was found to be
uniform between the prediction on the 3D printed model and the surgical procedure on
the patients.

Huang et al. [16] retrospectively analyzed data of 419 patients that underwent the
Nuss procedure and selected 357 patients between the traditional Nuss procedure (TN,
342 patients) and the 3D printing model-assisted Nuss procedure (3DPMAN, 15 patients).
In 3DPMAN, a standard spiral CT of the thorax was used to generate a 3D-reconstructed
thorax model through a processing software. Custom-made template pectus bars and a
predicted postoperative 3D thorax model were produced through a computer-aided design
process. The template bars were 3D printed with polylactic acid, then metallic pectus bars
were manufactured according to a 3D template in the 3DPMAN group and according to a
metallic measuring tape in the TN group.

In the TN group, six patients (1.7%) experienced flipping of the metallic bars, two
patients experienced migration (0.56%), and two patients (0.56%) experienced dislocation
of the metallic bars. No patient experienced surgery-related complications or dislocation of
the bars in the 3DPMAN group. A shorter operative time was observed in the SDPMAN
group compared with the TN group (60.36 vs. 74.34 min, p < 0.001), fewer pectus bar
insertion (1.000 versus 1.360, p < 0.001), and better morphological correction (AHI: 20.34%
versus 10.06%, p < 0.001).

Gaspar Pérez et al. [17] prospectively collected data of six patients treated for pectus
excavatum with the 3D printed model-assisted Nuss procedure. A diagnostic CT scan was
performed in all patients (0.625 mm thickness). The number of bars needed for correction
and the appropriate intercostal space for insertion were established preoperatively based
on CT scan images and physical characteristics of the patients, then the CT images were
uploaded to the segmentation and design software to simulate the morphological repair
and establish the Nuss bar size and length. The simulated bar model and chest anatomical
model were 3D printed in polylactic acid, then the customized Nuss bar was reproduced
in titanium according to the 3D printed bar model. A single Nuss bar was introduced in all
cases, and the median operating time was 82 min. There was no need for intraoperative bar
replacement or removal, while a single patient experienced intraoperative complications
(4 mm distal transfixation perforation of the lingula, with self-limited bleeding and absence
of air leaks). No postoperative complications were observed in any patients. Correction
was defined as highly satisfactory in all patients.

3.4. Chest Wall Tumor Resection and Reconstruction

Wau et al. [18] reviewed data of six patients with thoracic wall tumors that underwent
a 3D printed assisted resection and reconstruction and 10 patients treated with the conven-
tional surgery. The patients in the 3D assisted group underwent thin-slice CT scan, then
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the DICOM images were imported into the processing software to elaborate a 3D model
of the chest wall tumor and adjacent structures. The 3D model, printed using a liquid
photosensitive resin, was used to plan the surgery, focusing on the 3D morphology, location,
and spatial relationships of the tumor. The titanium implant plate for reconstruction was
designed according to the surgical resection line drawn on the 3D printed model, to best fit
the thoracic wall defect. Follow-up was conducted at 15 and 90 days after the surgery. The
3D conformal titanium plates were in all cases completely consistent with chest wall defect
after tumor resection, even though the tumors of the six patients were different in size and
the volume was relatively large. In the 3D printing group, less intraoperative bleeding was
reported in relation to the conventional surgery group. No postoperative complications,
including plate displacement, were observed in the 3D = assisted group, and there were no
significant changes in respiratory function after the surgery (p < 0.05). In the conventional
surgery group, four patients had complications that consisted of infection and puncture
of the artery or skin by the titanium plate. Postoperative pain score was lower in the 3D
group. Recovery time was reported to be shortened in 3D group (1 week vs. 2 weeks).
Wang et al. [19] (2019) treated 18 patients that underwent wide resection of a chest wall
tumor using 3D printed polyetheretherketone (PEEK) implants. In eight cases the tumor
affected the sternum and in 10 cases the ribs. For all patients, a CT scan with slice thickness
at 0.90 mm was performed using a 64-detector CT scanner. The images were imported into
the processing software for surgical planning and to design 3D PEEK protheses of the ribs
or the sternum. The wide excision of the tumor resulted in a defect in the anterior chest
wall of at least 8 cm x 8 cm; the reconstruction followed the “sandwich technique”. The
mean duration of the surgery was 174 £ 54 min, the mean blood loss was 297 £ 235 mL.
No complications were observed in the 6 to 12 months after the operation. The respiratory
function was tested 1 week before the operation and 3 months after the operation, showing
a mean reduction in FVC of 0.39 &+ 0.28 L (14.0% of the preoperative FVC value). The
postoperative FVC was reduced significantly in both ribs and sternum patients (p < 0.001),
whereas no significant difference was observed in postoperative MVV and FEV1/FVC.

4. Discussion

In preoperative planning, visualization of the anatomy and pathology of the patient is
essential for the surgeon. Compared with standard CT images, 3D reconstruction offers
the surgeon the possibility to examine and study the pathology in a more realistic way.
Three-dimensional printed models place the 3D reconstruction directly into the surgeon’s
hands, opening a new phase in surgical planning and training.

The results of our review highlighted some potential benefits of the 3D printing
application in chest wall reconstruction. The realization of 3D thorax models contributes to
a better understanding of the anatomy of the chest wall defect, and therefore enables the
surgeon to plan the surgical steps in advance. An accurate selection of number, location,
and direction of implants was made before the operation in all the studies of our review,
with the aid of 3D reconstruction and with a 3D printed model of the thorax. Regarding
selection of the incision site, Chen et al. [13] and Zhou et al. [12] recorded in their studies
a smaller incision site in 3D printing-assisted surgery compared to conventional SSRF.
Surgical planning and rehearsal of the procedure can contribute to reducing operative time,
as stated by three studies [13,14,16] in our review that compared the 3D-assisted group
operating time with that of a conventionally treated control group.

Another interesting aspect is the possibility of manufacturing a custom-made well-
fitting prosthesis with minimal need for intraoperative adjustments [12,14-18], often
needed in conventional procedures of bar implant or plate insertion [20,21]. Intraoperative
adjustments of bars and plates can prolong the operative time and can cause scratching of
the implants’ surface, which may damage the surrounding tissues and favor adherences. A
3D printed template fitting directly on the patient and simulation of the procedure on the
thorax model allowed anticipation of the modifications needed to the implant.
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In all studies, no major intraoperative or postoperative complications were found in
the 3D printed-assisted surgeries. Wu et al. [18] observed less intraoperative bleeding in
the 3D-assisted group compared to the conventional group. The difference between preop-
erative and postoperative respiratory function was assessed by two studies [18,19] with
contrasting results. Wu et al. [18] found no significant difference, whereas Wang et al. [19]
observed a reduced FVC and no difference in postoperative MVV and FEV1/FVC.

Huang et al. [16] reported some cases of bars’ dislocation and flipping in the traditional
surgery group, compared to no cases in the 3D printing-assisted group. Referring to
morphological correction, only Huang et al. [16] used a quantitative method to evaluate
this outcome, detecting a better correction in patients treated with a 3D printing-assisted
technique in comparison to the conventional method, whereas all the other studies recorded
satisfactory morphological correction and good implant fitting but did not support this
data with a statistical comparison to conventional techniques. Recovery time was directly
addressed by Wu et al. [18], who noted a shorter recovery time in the 3D-assisted group
and a lower postoperative pain score; and by Zhou et al. [12], who reported a NRS score
of 4 or less, and consequently stopped analgesic drugs at 7 days post-procedure in the
majority of patients.

For the matter of direct prosthetic printing, Wang et al. [19] interestingly reported
the use of sternum and ribs prostheses that were 3D printed in PEEK as an alternative
to conventional titanium prostheses due to the physical properties of PEEK, which has a
low elastic modulus and similar flexural and tensile strength to the sternum and ribs, and
shorter manufacturing time [22,23]. It should be noted that there is not much evidence in
the literature regarding the direct implantation of 3D printed prostheses for thoracic wall
reconstruction, and the majority of the studies reporting such an application at present are
case reports, and were therefore not included in our review.

Production time is a known limitation in 3D printed model applications in surgery, and
this is also true of thoracic wall reconstruction. Particularly in emergency situations, such
as ribcage fractures associated with damage to the internal organs, time of intervention is
critical and the application of 3D printing, which requires at least 5 h for the production of
a thoracic model [13], may not be convenient. Conversely, in elective surgery it is possible
to schedule the surgical steps in advance and, even if the production time requires several
hours, the procedure can be performed without delay. Bellia-Munzon et al. [14] reported
1 working day to print the template and 3 working days for the manufacture of the final
metallic bars. Chen et al. [13] reported a minimum of 5-6 h to print the ribcage model.
Wang et al. [19] reported approximately 30 h to completely manufacture a PEEK implant.

Another limitation of the application of 3D printing to surgery is the cost, which
comprises the printer cost, the processing software cost, and the printing materials cost.
The 3D printing utilization cost may be counterbalanced by the shorter operative time [24]
and by the benefits that derive from the personalization of the implants, although there is
an open debate on this topic. Bellia-Munzon et al. [13] stated that the cost of the implants
projected with the assistance of 3D printing is not superior to that of conventional implants.
Huang et al. [15] observed that manufacturing a customized prebent bar based on CT
images would be more expensive than modeling the bar based on the 3D printing template,
and that the costs were further reduced by the fewer insertion of bars in the 3D printing-
assisted group.

The main limitation of our review is the reduced number of experimental studies on
the topic and the lack of prospective randomized studies. The recent development of 3D
printing applications in the surgery field and the fact that not all hospitals are equipped
with 3D printers can partly explain the reduced evidence on the subject.

Furthermore, only four of the eight studies presented a control group, which allows us
to perform a stronger evaluation of the differences between 3D printing-assisted techniques
and conventional techniques. The small sample size in most of the studies is also a crucial
limitation, which affects the variability of the data and leads to the risk of selection bias.
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5. Conclusions

The application of 3D printing models in chest wall reconstruction can be useful
for designing and manufacturing personalized implants, specifically designed on the
anatomy of the patient, and therefore reducing intraoperative adjustments. The results of
morphological correction and postoperative recovery after 3D printing-assisted surgery
were satisfactory in all studies, with a low rate of complications. Although our data point
towards a better outcome regarding prosthesis fitting, accuracy of surgical planning, and
reduction in operative time in 3D printing-assisted procedures, due to the limitations of
our study, more evidence is needed to prove the presented findings.
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