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Three-dimensional printing flexible models: a novel technique for 
Nuss procedure planning of pectus excavatum repair
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Background: Pectus excavatum (PE), one of the most common congenital chest wall deformities, 
is characterized by posterior depression of the sternum and lower costal cartilages. In this study, we 
demonstrated the application of flexible three-dimensional printing thoracic models for surgical approach 
planning of extrapleural Nuss procedure for patients with pectus excavatum.
Methods: Six patients with pectus excavatum were referred to our hospital for extrapleural Nuss procedure. 
Each patient’s chest was reconstructed based on their computed tomography imaging data, and the three-
dimensional (3D) thoracic model was manufactured with flexible material using 3D printing technique. The 
individual surgical approach and custom-made steel bars were designed and produced using these models.
Results: The surgical approach was evaluated by using the three-dimensional thoracic model. In all patients 
received extrapleural Nuss surgery, it has been proven the uniformity of repair efficacy in both models and 
patients. Moreover, an individualized and well-fitting steel bar can be fabricated once the surgical approach 
was confirmed. All the steel bars were loaded against the ribs rigorously and seamlessly.
Conclusions: The flexible three-dimensional thoracic models were very helpful for the preoperative 
planning of extrapleural Nuss procedure. 
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Introduction

Pectus excavatum (PE), one of the most common congenital 
chest wall deformities, is characterized by posterior 
depression of the sternum and lower costal cartilages (1). 
In 1998, Nuss et al. (2) proposed a minimally invasive 

approach as an alternative to the standard open repair, 
involving placement of a substernal convex bar to push 
the sternum outward. For about 2 years, the bar remained 
under the sternum and was later removed surgically. The 
primary procedure we had previously performed was to 
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enter the chest cavity without introducing a thoracoscopic 
extrapleural approach and allowed us to propose some 
modifications in the Nuss method, which were useful to 
reduce the irritation of the thoracic cavity and also to limit 
the surgical trauma (3,4). 

However, there were several limitations for traditional 
Nuss procedure. Firstly, although the advanced radiological 
technology, such as computed tomography (CT) and 
computer three-dimensional visualization, has been utilized 
for evaluation of chest wall deformity it was difficult to 
evaluate the repair efficacy of Nuss surgery, which might 
result in an empirical decision on the surgical approach 
and trajectories of the steel bar. In addition, it was difficult 
to assess the size of steel bar accurately because of the 
mobility of thorax after Nuss surgery, which might cause 
the displacement and looseness of the bar. To overcome 
the above deficiency of Nuss procedure, we developed a 
flexible three-dimensional (3D) thoracic model to simulate 
the surgery procedure and evaluate the repair efficacy. As 
compared with previous rigid 3D printings for surgery 
planning (5,6), the flexible models can be further used to 
rehearse the Nuss procedure and fabricate the steel bar, 
which can predict accurately and intuitively the surgery 
efficacy.

Methods

Six patients (4 males and 2 females, age 4.5–7.5 years) 
with symmetrical or mildly asymmetric PE were enrolled 
in this study. These patients were referred to our hospital 
for complete the non-thoracoscopic extrapleural Nuss 
procedure which has been described in our previous 
reports (3,4). All patients volunteered to participate in 
the study and signed informed consent forms. The chest 
radiography (posteroanterior and lateral) and 64-slice CT 
were performed to evaluate the extent and nature of the 
deformity, and the Haller index was calculated (ratio of 
the transverse diameter of the chest to the anteroposterior 
distance, as measured from the anterior border of the 
vertebral body to the posterior border of the sternum). 
Before the surgery, we built a 3D chest model for each 
patient in order to better understand the surgical approach 
and steel bar making.  

A high-accuracy 3D CT scanner (GE Lightspeed VCT, 
USA) with a slice thickness of 1.25 mm was used to obtain 

preoperative images of the thorax (Figure 1A). The images 
were exported as DICOM format to 3D-DOCTOR 
imaging software (Able Software Corp, USA). The 
intensity threshold of costicartilage was defined from 50 
to 150 Hounsfield units (HU). Reconstructed costa and 
costicartilage digital models were checked on several 
optional planes in order to confirm the structural accuracy. 
Before export of the data to the 3D printer, the digital 
model was smoothed to compensate for coarseness caused 
by the segmentation making sure that it would not change 
the characteristics of the thorax structures. The flexible 
polylactic acid materials were utilized to produce the 
thoracic model. 

These newly 3D thoracic models allowed us to clearly 
identify the dimensions of the deformities and the exact 
localization of the safe trajectories of the steel bar. As 
shown in the Figure 1B, the funnel was paralleled with the 
fourth and fifth intercostal space. Although the deepest 
bottom of the funnel was aligned with the xiphoid and the 
fifth intercostal space, the xiphoid was not stable enough 
to support the steel bar. Whilst the equivalent repair 
efficacy was observed after the steel bar being respectively 
penetrated into the fourth and fifth intercostal space in 
the 3D thoracic models. Thus, the fourth intercostal space 
was confirmed as the surgical approach and trajectories of 
the steel bar. Furthermore, the steel bar can be fabricated 
according to the perimeter and radian of the 3D thoracic 
models, which was also corresponded to deformities of the 
patient.

Results 

A total of 6 patients received the extrapleural Nuss 
procedure with 3D thoracic models guiding. Notably, 
the plastic model provides a possibility for predicting the 
outcome of surgery. Compared with rigid plastic materials, 
the flexible polylactic acid materials have certain elasticity 
and toughness. Thus, we can predict the repair efficacy 
using this flexible 3D thoracic model. In Figure 1C,D, the 
funnel of thorax was repaired completely after the Nuss 
procedure, and the same repair efficacy in 3D thoracic 
model was observed. Otherwise, an exact and personalized 
steel bar can be fabricated by using this 3D thoracic model. 
As shown in Figure 2, the perimeter of thorax has barely 
changed. The transverse diameter would decrease when 
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the funnel was pushed up by the steel bar. It was obviously 
inaccurate to make the steel bar in accordance with the 
thorax of patient. Hence, the 3D thoracic model can give 
the exact size and radian of the steel bar. In these 6 patients, 
all the steel bars were loaded against the ribs rigorously and 
seamlessly, which can reduce the occurrence of displacement 
of bars and skin ulcer (Figure 3).

Conclusions

3D printing technique has been frequently used for 
cardiovascular surgery planning (5-9). It was proven the 
superiority of the 3D models for surgical decision-making, 

especially for the complex aortic arch surgery (7-9). The 
thorax is different from other organs due to the mobility 
during breathing. The location of ribs, centrums and 
sternum would move after the orthopedics of thorax. In this 
study, we constructed a 3D thoracic model using flexible 
material, and we believe that it was superior to rigid plastic 
material for 3D thoracic model.

The extrapleural Nuss procedure was a classic surgery 
for repair of PE. A steel bar was penetrated from chest 
wall, intercostal space and anterior mediastinum, and the 
abnormal sternum was supported by the steel bar which 
was loaded against the ribs. Therefore, it must be worth 
noting the choice of substernal force point in surgery can 

Figure 1 Validation of three dimensional printing (3DP) thoracic model in NUSS surgery. (A) Three-dimensional visualization of computed 
tomography of the patients before Nuss surgery; (B) the pectus excavatum (arrows) of 3DP thoracic model and the patient; (C) three-
dimensional visualization of computed tomography of the patients after Nuss surgery, and the steel bar was penetrated from the fourth 
intercostal space; (D) the substernal force point (arrows) of 3DP thoracic model and the patient.
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significantly influence the repair efficacy. The optimal force 
point can achieve a perfect repair efficacy, as to be firm 
enough until the removal of steel bar. However, especially 
for some patients with asymmetric or severe PE, it became 
quite difficult to find the optimal substernal force point. 
The surgical approach was always determined according 
to the doctors` experiences, which leads to the uncertainty 
of repair efficacy. Therefore, a novel method should be 
established for the decision-making. 

As a consequence, we utilized the flexible 3D thoracic 
model to find the optimal substernal force point and 
estimate the repair efficacy of Nuss procedure. We can 
penetrate the steel bar from variant intercostal space in 
these models to find the optimal substernal force point and 
surgical approach before surgery. In all 6 patients, it has 
been proven the uniformity of repair efficacy in both 3D 
models and patients, which showed the assistant role for the 
preoperative decision making and planning of extrapleural 
Nuss procedure. Moreover, an individual and well-fitting 
steel bar can be fabricated once the surgical approach was 

confirmed. Due to the mobility of thorax, the transverse 
diameter would decrease when the funnel was repaired. 
All the steel bars were loaded against the ribs rigorously 
and seamlessly. One of the difficulties with this technique 
was the construction of costal cartilage because it was very 
difficult to distinguish the soft tissue from costal cartilage 
in chest CT, which required adjustment of the center and 
width of window to enhance the differences of the soft 
tissue and costal cartilage.

In conclusion, the method described is feasible for 
preoperative decision making and planning of extrapleural 
Nuss procedure. The flexible 3D thoracic models can 
provide an exactly surgical approach and an individual 
and well-fitting steel bar. More data are expected to show 
that the use of preoperative models increased the repair 
efficacy and decreased the displacement of steel bar. In the 
future studies, a 3D titanium bar may be directly designed 
and printed instead of the traditional steel bar. The Nuss 
surgery may become more exactly depending on 3D 
printing technique. 

Figure 2 Application of three dimensional printing (3DP) thoracic model to simulate the NUSS surgery. (A) The transverse diameter of 
the thorax before Nuss surgery; (B) the initial steel bar was penetrated into the 3DP model; (C) The transverse diameter of the thorax was 
decreased after Nuss surgery; (D) the processed steel bar was placed into the 3DP model; (E) The mediastinal window of the chest CT 
images before Nuss surgery; (F) the mediastinal window of the chest CT images after Nuss surgery.
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